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ABSTRACT
The presence of multipath propagation in indoor environments limits the performance 
of wideband radio communication systems and also the maximum data rate that can be 
feasible. This thesis addresses the dynamics of propagation mechanisms needed to 
design and exploit future broadband wireless local area networks in the 60GHz 
millimetre-wave band. The frequency band between 62-63GHz with data rates up to 
155Mb/s, has been provisionally assigned for Mobile Broadband Systems.
The main emphasis of this study was to provide an original contribution to the 
development, design and planning of future broadband communication systems using 
new high-resolution wideband channel measurement data. Based on this data, spatial 
and temporal statistics of several line-of-sight radio paths in a University campus are 
presented and analysed. In order to enable measurement of the wideband propagation 
characteristics a high-resolution (Ins) wideband Frequency-swept channel sounder was 
designed and implemented at 62.4GHz. The channel sounder has been built around a 
Vector Network Analyser to measure the complex transfer function of the channel.
The instantaneous coherence bandwidth is found to be highly variable with the location 
of the receiver with respect to the base station. With delay spread values ranging from 
20 to 70ns the coherence bandwidth remains most of the times below 10MHz. Based on 
the maximum delay spread of 68ns obtained in a 41m long narrow corridor, a BER of 
10"3 and normalised delay spread of 0.1, the minimum data transmission rate is 
estimated at 1.47 Mb/s. For a 12.80m room environment with maximum delay spread 
of 20ns the minimum data transmission rate is 5Mb/s. To achieve higher data 
transmission rates channel protection countermeasures appears to be necessary. 
However limiting the extent of a picocell size and utilising the potential capability of 
frequency re-use at 62.4GHz can result in radio network implementation without the 
complexity of countermeasures. Results relating to coherence bandwidth variability in 
multipath conditions confirm that higher user mobility envisaged for MBS would 
present a real challenge to the achievement of data transmission rates of the order of 
155Mb/s. The research work reported in the thesis has been able to identify and extract 
from extensive high resolution wideband propagation the necessary design 
characteristics for the development of realistic radio planning models. Using measured 
results obtained in a number of radio paths geometries, the objectives of the project 
have been largely achieved and further work is recommended.
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Present telecommunication networks are experiencing a rapid evolution as a result of 
the increasing advances in computer and electronic technologies. Multimedia and 
computer communications are playing an increasing role in today's society, creating 
new challenges to those working in the development of telecommunication systems. 
Besides that, the telecommunications industry plans to establish more and more wireless 
links between terminals. Thus the pressure for non-wired systems to cope with 
increasing data rates is high, and Wireless Broadband Systems (WBS's), especially 
those with data rates higher than 2 Mb/s, are becoming necessary. At present, however, 
mobile wireless links with high transmission rates capability do not exist [1.1].
The start of the 21 st Century is witnessing an explosive growth in the use of mobile 
phones, not only for conventional speech communications, but also and increasingly in 
remotely accessing data and global networks such as the internet. As computer and 
telecommunications technologies develop and converge, the demand of developed 
societies for information transfer and exchange, using a plethora of multimedia forms 
will vastly increase. Radiocommunications in particular will be called upon to service 
society' s needs and to satisfy the ever increasing demand for instantly accessing 
information by users everywhere, in fixed and mobile situations.
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Wireless communications offer highly effective solutions for instant access to
information especially for mobile users and in applications where wire-based links must 
be excluded due to cost and inaccessibility. The need for multimedia information, 
including moving pictures in addition to speech and data messages means that future 
communication links must have high capacity. Mobile Broadband Systems (MBS) 
planned in the millimetre wave band 62-65GHz, being radio systems with a specified 
data transmission capacity of 155Mb/s, are capable of meeting the requirements of 
broadband multimedia communications.
Several WBS's are being foreseen for different users with different needs: they may 
accommodate data rates ranging between 2 Mb/s and 155 Mb/s, terminals which can be 
mobile or portable and moving speeds ranging from pedestrian to that of a fast train. 
Communication between terminals may be done directly or via an intermediate base 
station and Asynchronous Transfer Mode (ATM) technology may be used [1.1]. Many 
other cases can be listed as making the difference between various perspectives of a 
WBS: Wireless Local Area networks (WLAN) covering communications between 
computers, of which High-Performance Radio LAN (HFPERLAN) and IEEE 802.11 are 
examples.
The MBS is intended as a cellular system providing full mobility to Broadband 
Integrated Services Digital network (B-ISDN) users [1.2]. The main feature of the B- 
ISDN concept is the support of a wide range of voice and non-voice applications in the 
same network. A connection to the B-ISDN allows the user to have at his disposal 
different services such as voice, data or picture communication services from the same 
access point. All types of signals are transmitted in digital forms from terminal to 
terminal across the network. To provide new attractive services like digital TV, digital 
High Definition television (HDTV), high quality videophone, high speed data transfer
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and video on demand, necessitates the realisation of a further step of mobile
connectivity to a broadband network (B-ISDN). This is presently under discussion [1.3].
The developments in radio networking are spurred on by the need for mobility and 
flexibility. The systems that are currently under development are based on digital 
technology and can be gathered into two broad classes; cordless systems and cellular 
networks. Cordless systems are suitable for customers with limited mobility within 
short ranges from the base stations and with limits on roaming and mobile terminal 
speed. Cellular networks meet the demand of high mobility, whereas the set of services 
than can be provided is relatively limited [1.4].
A combination of these two trends, i.e. the provision of real broadband services to the 
mobile user seems to be a logical step. However, to date, developments in the field of 
radio-based broadband networks are still in a state of preliminary research. One possible 
reason might be a lack of interplay between different disciplines. A second reason is a 
technical one. In radio-based networks the frequency spectrum available for information 
transport is a scarce resource, so that even with a carefully designed frequency plan the 
user capacity is limited. The pan-European digital cellular network GSM (Global 
System for Mobile communications), for instance, features 124 bi-directional 271kbit/s 
TDMA data streams, thus providing an aggregate user capacity of 34Mbit/s per 
coverage cell. In contrast, the information transport capacity of fibre-based networks a 
envisages a B-ISDN basic user interface standardised at 155Mbit/s. Thus, about five 
times the total transmission capacity of a GSM coverage cell would be necessary to 
serve only one B-ISDN subscriber [1.5].
The MBS formed a project within the RACE (Research and development of Advanced 
Communication in Europe) framework to develop a third-generation digital micro-
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cellular service to make the B-ISDN's available to mobile users. Two IGHz bands have
provisionally been allocated at 62 and 65GHz, for the down and up links, respectively. 
With data rates of up to 155Mb/s, MBS is being envisaged as providing full multimedia 
services of data, voice and video to the mobile user. The system is designed to have 
application in a wide variety of areas, for example in emergency services, in mobile 
local area networks (MLANs) and for television outside broadcasts such as electronic 
news gathering [1.6].
1.2 The Millimetre-wave Frequency Band 
1.2.1 Evolution of Cellular Networks
First-generation mobile radio systems were of analogue design. The Advanced Mobile 
Telephone System (AMPS) developed in the United States was accompanied in Europe 
by the Nordic Mobile Telephone (NMT) and the Total Access Communication System 
(TACS)[1.7]. Second generation digital systems followed based on the GSM and the 
Digital European Cordless Telephone (DECT) standards. Second-generation systems 
utilising the frequency bands 900 MHz and 1800 MHz have supported limited data 
communications additional to conventional speech telephony. Figure 1.1 shows the 
Evolution of Cellular Networks [1.7-1.8]. The frequency bands are not sufficiently high 
to support broadband multimedia requirements. Third-generation (3G) systems such as 
the Universal Mobile Telecommunications System (UMTS), being rolled out currently, 
are capable of considerably increasing the data transmission rate. However these still 
fall short of the broadband services requirements.
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1 st GENERATION 
(ANALOGUE)
2 Mbps 155 Mbps 
DATA RATE
2"(l GENERATION 3r<l GENERATION 4th GENERATION 
(DIGITAL) (DIGITAL) (DIGITAL)
Figure 1-1: Evolution of Cellular Networks. 
1.2.2 Services and Applications of Broadband wireless systems
System concepts of a WLAN like HIPERLAN and of mobile broadband cellular system 
like MBS are totally different: they are directed to services and applications, which 
differ in many aspects. A comparison of several systems, concerning two of the key 
features (mobility and data rate) is shown in Figure 1.2 [1.9], where it is clear that no 
overlap exists between the two approaches. The differences are more salient when other 
parameters are compared, Table 1.1 [ 1.9].
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Figure 1-2: Comparison of mobility and data rates for several systems.
Now let us consider the application field of broadband wireless systems. Many 
applications are outlined in numerous publications [1.10-1.16]. In general, wireless 
networks greatly ease the work required to install a system. Wireless networks can be 
installed rapidly, often by users themselves whereas installation and rewiring of cable- 
based networks typically consume one to five months from initial planning to actual 
installation [1.10]. The latter is due to the time consuming process that entails providing 
precise specifications, selecting a reliable contractor, negotiating with building owners, 
managing the project and waiting for a convenient time - usually at night - or in the 
weekend - during which to install the cabling. Annually, approximately 30 percent of 
local networks must be relocated or rearranged in that way [1.10].
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2005
The applications and services of the two systems are also different. HIPERLAN is 
mainly intended for communications between computers (thus being an extension to 
wired LANs); nevertheless it can support real-time voice and image signals, and users
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are allowed to some mobility and can have access to public networks. Figure 1-3 shows 
several of possible applications, according to their data rate and mobility [1-11]. 
European R&D initiatives in mobile systems, and the corresponding efforts to 
standardise the upcoming systems has lead to the definition of UMTS, which is 
considered as a third generation system. However, there are differences between the 
foreseen features and applications of UMTS and MBS, see Table 1-2, with the latter 
envisaged to be capable of providing more advanced services, but with some possible 
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Figure 1-3: Possible Wireless Broadband Systems applications, according to mobility 
and data rate.
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Wireless solutions may even be unavoidable, for instance in case local regulations 
prohibit cabling in historic buildings or in those buildings that have significant amounts 
of asbestos in the walls and ceilings, or between sealed areas in nuclear power plants. 
In addition, wireless technology is an ideal way to address temporary network needs or
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highly flexible connectivity [1.12]. Figure 1.4 shows a basic MBS demonstrator 
configuration in a microcell environment (ERA presentation 1995).
Range max. 100m Range max. 100m
Figure 1-4: Basic MBS Demonstrator configuration in a microcell environment.
More specific applications for broadband wireless systems can easily be imagined. 
Many probable uses can be found in environments such as shipyards, air bases, in-and 
outdoor factory sites, railway stations, sport arenas, hospitals, vehicle guidance/traffic 
control and in security and surveillance with video cameras linked to control centers by 
mm-wave radio links. Further applications can be found in the military field where fast 
and efficient operations in the open field must be coordinated, demanding reliable high 
capacity and flexible means of communication. In the medical field, video 
communication between ambulances and medical specialists in the hospital might 
contribute to efficient emergency handling [1.13]. Another application is a network of 
wireless cameras, within studios but also outdoors, for flexible HDTV recording. Such 
networks are also useful for flexible live TV reporting; in distant areas only the base
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station needs to have a satellite connection with a dish antenna critically pointed
towards the satellite, whereas the wireless cameras are equipped with omnidirectional 
antennas thus allowing much more flexible handling. With respect to the domestic 
market the M3VDS (Millimetre-wave Multichannel Multipoint Video Distribution 
Service) concept will become viable [1.17].
Interesting market opportunities can also be envisaged in the introductory phase of B- 
ISDN; in the beginning of the B-ISDN area, not every company will have installed a 
fibre-based network for which B-ISDN is actually meant and many company managers 
will be reluctant to make the expensive switch to a fibre-based ISDN. It is important to 
note, that a large user capacity does not only provide the opportunity to run high 
capacity services such as videophone, but it can also be used to achieve highly reliable 
and secure communication (by additional channel coding). It can also be used to achieve 
immediate access by creating congestion-free networks. In addition to reliability and 
security, delay-free access is a key feature with respect to data transfers, for example, on 
a stock exchange where crucial decisions must be taken almost instantly. The network 
for such applications should not become congested under peak-traffic conditions 
especially at times leading to an exchange crash [1.5].
With respect to small remote stations like laptops, a significant amount of disk space 
can be saved by transferring software from a LAN each time it is actually needed and 
only keeping it in disk space for a limited time. Physically connecting or disconnecting 
a laptop to a LAN, however, can be inconvenient. A solution to this problem might be 
reliable high-speed flexible wireless interface.
a
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Although wireless LANs are currently employed in the exchange of data, applications
being considered for the future include the need for video, for example in the use of 
robots in hazardous locations, where the robot may be operated by remote control using 
high-definition video from a robot-mounted camera. In outside broadcasts of television, 
a number of different television cameras at different locations in a sports arena, for 
example, could be connected to a local control centre using MBS links. This would 
provide a high level of flexibility and, further, enable the system to be installed very 
quickly. Other applications envisaged for MBS include such diverse areas as traffic 
advice, pictorial data for travel, access to banking services for mobile users, 
interconnection of mobile LAN, surveillance and military applications. The MBS will 
depend critically on the development of low-cost millimetre-wave components and 
systems, but it is seen as having enormous potential for next generation multimedia 
communication services offering very wide range of user applications in many fields 
[1.4].
With respect to indoor applications, high communication traffic density can be achieved 
by using frequency bands above approximately 40GHz due to the possibility of 
frequency reuse in neighbouring rooms (cells) because of the severe attenuation of 
electromagnetic waves at these frequencies by most inner wall materials. With respect 
to frequency reuse in outdoor cells, the band around 60GHz is especially advantageous 
because of the specific attenuation characteristic due to atmospheric oxygen of about 
15dB/km.
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1.2.3 Spectrum allocation
From the above, it is clear that frequency bands for mobile communications, lying 
around 900MHz and 1800MHz, and currently used, are not suitable for mobile 
broadband applications since broadband systems with an aggregate network capacity of 
hundreds of Mbit/s will require bandwidth of the order of hundreds of MHz. 
Uncongested bandwidths of this order are only available at radio frequencies above 
about 25GHz.
1.2.4 Millimetre-wave Safety Aspects
At millimetre waves the maximum power density for continuous exposure (MPE) for 
the general public is 1 mw/cm2 . In the case of WLANs users will not be located in the 
immediate proximity (1 or 2cm) of the transmit antennas unlike the case found in 
mobile phones. This enables power limitations to be less restrictive especially when 
mobile multimedia terminals will be used as personal digital assistants (PDAs)[1.1].
The standards for safety levels have been set in the United States and Europe, since the 
ones used for UHF extend up to 300GHz. These are set by the IEEE/American National 
Standards Institute-(ANSI)-[1.18], National Radiological Protection Board (NRPD) 
[1.19] and European Committee for Electrotechnical Standardization (CENELEC) 
[1.20] recommendations). Researchers in this area can extend their work to higher 
frequencies, by evaluating the specific absorption rate (SAR) levels. The SAR is the 
amount of power dissipated in a unit of mass inside the head or other human body part 
situated very near the radiating element), yielding maximum permissible transmitter 
powers. However, this may not be as straightforward as it seems, since the calculation
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of SAR is usually done by solving integral or differential equations using numerical
methods [1.21]. These utilise numerical models of the head consisting of small elements 
(cubes for example) with dimensions of the order of a tenth of the wavelength. This 
already requires powerful computer resources (in memory and central processing unit- 
CPU-time) for frequencies in the high UHF band [1.22], and may limit the possibility of 
analysing frequencies that are much higher than UHF. On the other hand, the higher the 
frequency, the smaller the penetration of radio waves into the human body, hence 
making it possible to have models of a few centimetres deep. This represents an 
interesting area of future research which is not addressed in this thesis.
1.2.5 Frequency reuse
Limiting transmitter power levels to some tens of mW is not only a safety requirement, 
but it is also a measure to limit the coverage range in order to improve the frequency 
reuse capabilities, with the final goal being to improve network capacity. In indoor 
applications, high traffic density can be achieved by using frequency bands above 
40GHz due to the possibility of frequency reuse between neighboring rooms, thus 
exploiting the severe attenuation electromagnetic waves suffer at these frequencies, 
caused by most inner walls. With respect to frequency reuse in outdoor cells, the band 
around 60GHz is especially advantageous because of the specific attenuation 
characteristic due to atmospheric oxygen of about 15 dB/km. The 60GHz band is also of 
special interest for indoor systems since radio energy in the mm-wave range might still 
go through windows with the potential to interfere with neighboring outdoor cells and 
other indoor systems operating in neighboring buildings. It has been shown that a 
considerable performance enhancement is obtained by using the 60GHz-oxygen 
absorption band [1.23].
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1.3 Relevant research activities
In Europe, research activities in the field of mm-wave radio communication have been 
carried out in the European Community research programs COST (European 
Cooperation in the field of Scientific and Technical Research) within Working Group 3 
of the COST 231 project, DRIVE (Dedicated Road Infrastructure for Vehicle safety in 
Europe) and RACE within project 2067 (MBS).
In ACTS (Advanced Communications Technologies and Services), which followed 
RACE, emphasis is put on demonstration of broadband wireless LAN system concepts 
and field trials. Harmonization of the mm-wave spectrum is carried out by the ERC 
(European Radiocommunication Committee) whereas the harmonizations of mm-wave 
radio equipment specifications are being formulated by ETSI (European 
Telecommunications Standards Institute).
ETSI membership is open to manufactures, user groups, administrations and research 
bodies. Research groups mainly in Europe and Japan have concentrated their interests in 
the millimeter wave bands. In Europe, reports have been documented for both indoor 
and outdoor mobile radio channels. Relevant research activities are also running in 
Canada, Japan and Australia (Table 1.1) [1.24].
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Smulders P.F.M [1.25],[1.26], used the Network Analyser channel sounder in a 2GHz 
bandwidth centred around 58GHz. A number of environments up to 25m range -due to 
hardware limitations- were investigated with 20 impulse responses obtained for each 
environment. The base station was placed in the centre of each environment, with 
randomly chosen positions of the receiver. Main parameters under investigation were 
path loss and rms delay spread. No temporal fading statistics are reported. This research 
recommended the proposed frequency band 62-63GHz to be investigated as an area of 
future work.
In Japan presently, research is being undertaken for indoor radio channel 
characterisation with the use of the frequency swept sounding (IGHz bandwidth centred 
around 57.5GHz) built around a network analyser [1.27] and also the cross-correlator 
system with the use of a sliding correlator at the receiver (59.5GHz),[1.28]. This work 
had investigated the polarisation dependence of multipath propagation, on materials
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transmission characteristics and effects of antenna directivity. No extensive
measurement campaigns in various indoor environments had been reported in this 
research work.
Wireless propagation measurements at 60GHz are also reported in [1.29,1.30,1.31] 
using a spread spectrum channel sounder with a sliding correlator at the receiver. 
Typical environments up to 30m range were measured. Delay spread values reported 
below 40ns.
Outdoor propagation experiments at 59GHz had been reported by G.L0vnes et al [1.32] 
and N.Daniele[1.33]. The first used the frequency swept sounding with correlation by a 
digital signal processor at the receiver. A number of urban streets investigated with 
delay spread values reported in the order of 20 and 50ns depending on the severity of 
the environment.
hi [1.33] 2GHz bandwidth centred around a 57GHz carrier measurements were 
reported. These are based on the use of network analyser with a 200m cable connected 
between the transmitter and the receiver. Measurement results with the line of sight 
obstructed by natural elements (trees, bushes, tall grass) are presented. The rms delay 
spread and the cumulative distribution function of the received signal envelope are 
given, where for 88% of cases the delay spread was found to be less than 100ns.
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1.4 Scope of the thesis and contents
This thesis is intended as a contribution to the planning and development of high 
capacity wireless LANs for broadband communication services. The results are 
intended to assist in the design process and the dependence of this process on antenna 
choice, channel equalization, use of diversity and coding techniques. The research work 
described in the thesis addresses mainly indoor radio systems. However, results reported 
are also useful for outdoor applications.
The research plan carried out can be summarized as follows:
  Design and construction of a channel sounding system capable of use in 
measurements of broadband propagation characteristics of mm-wave indoor 
radio channels.
  Measurements of the mm-wave channel characteristics of various indoor radio 
paths configured to investigate different effects and scenarios to allow 
statistically significant conclusions.
  Analysis of the measurement data for information on important wideband 
channel characteristics such as the rms delay spread and coherence bandwidth 
aimed at giving an estimated maximum feasible data rates obtained under 
multipart! conditions and in the absence of channel protection countermeasures.
The thesis may be outlined as follows:
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Chapter 1: Introduction
The transmission capacity required for broadband wireless LANs can only be 
accommodated in the millimetre-wave frequency band from about 20GHz to 65GHz. 
The mm-wave bands are of special interest for indoor applications because of the 
possibility of frequency reuse between neighbouring rooms. This chapter outlines the 
evolution, services and applications of cellular networks with particular interest in the 
millimetre wave band. An introduction to relevant research activities is given with 
further literature surveys included in Chapters 2 and 3.
Chapter 2: Digital transmission over millimetre-wave radio channels
The first part of Chapter 2 treats the propagation characteristics expected to arise in a 
radio environment subject to reflective propagation modes. Next, digital transmission 
over mm-wave channels is discussed, including performance improvement methods and 
the suitability of few figures-of-merit that are commonly used to quantify transmission 
performance. The chapter describes also the characterization of a general class of 
randomly time-variant linear channels.
Chapter 3: Review of Narrowband and Wideband Channel Soundings Techniques
Here the various methods used in channel sounding are reviewed. Both narrowband and 
wideband techniques are discussed, with their respective advantages and disadvantages 
highlighted. Reasons for selecting the Swept-Frequency method in preference to all 
others are presented.
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Chapter 4: Swept-Frequency Wideband Impulse Response Identification Channel
Sounding System
A detailed description of the main features of the experimental channel sounder is 
contained in Chapter 4. Factors that are considered essential for good system 
performance are discussed, and the interrelationships between all sounder parameters 
are emphasized. The chapter concludes with the calibration procedure of the sounder 
performed inside the anechoic chamber.
Chapter 5: Wideband Propagation Characteristics and Data Processing
Chapter 5 contains brief definitions of the wideband propagation characteristics and the 
methods of experimental data processing. This chapter is composed of two sections, the 
first relating to channel modelling and the second relating to system design.
Chapter 6: Wideband Measurements of Millimetre-wave Indoor Radio Channels 
with respect to the Spatial Variability
Chapter 6 describes the wideband mm-wave channel measurements carried out in eight 
different indoor areas in various buildings and environments at the University of 
Glamorgan to characterize the spatial variability. Finally, the measurement results are 
presented in terms of the channel parameters defined in Chapter 5.
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Chapter 7: Coherence Bandwidth and Temporal Variability Measurements of the 
Indoor Wireless Millimetre-wave Radio Channel
Chapter 7 describes the wideband mm-wave channel measurements carried out in 
different indoor areas in various buildings. Results and their analyses are used to 
characterize the radio channel frequency correlation function and the time (temporal) 
variability. The measurement results are presented in terms of the channel propagation 
characteristics defined in Chapter 5.
Chapter 8: Summary, Conclusions and Further work
Finally, overall summary, conclusions and recommendations for further work are 
presented in Chapter 8. This summarizes the results and their implications on radio 
system planning and design. Conclusions and recommendations for further work 
complete the chapter.
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CHAPTER 2
Digital transmission over millimetre-wave radio channels
2.1 Introduction
This chapter reviews the basic elements of propagation that are relevant to the problem 
of narrowband and wideband transmission over mm-wave indoor radio channels. 
Section 2.2 reviews narrowband transmission over multipath channels while section 2.3 
contains elements of wideband transmission. This chapter shows the extent to which 
propagation effects in a radio environment influence the capacity of wireless systems, 
and outlines possible countermeasures for mitigating multipath effects in such systems.
In order for systems engineers to be able to determine optimum methods of mitigating 
the impairments caused by multipath propagation, it is essential for the transmission 
channel to be satisfactorily characterised. Additionally, the characterisation should take 
into account the intended application of the channel, i.e. which is used for either 
narrowband or wideband transmissions.
2.2 Narrowband Propagation Characteristics
Transmissions where the inverse of the signal bandwidth is very much greater than the 
propagation path delays are termed narrowband. For narrowband transmissions in an 
indoor environment, the multipath results in rapid fading of the received signal envelope 
as the receiver is spatially displaced. The signal strength variations are a result of the 
random phase additions of the radio waves arriving via many paths. Rayleigh and
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Rician distributions usually yield good approximations for the statistics of the envelope 
variations.
2.2.1 Rayleigh distribution
The Rayleigh distribution is commonly used to describe the statistical time varying 
nature of the received envelope of a flat fading signal, or the envelope of an individual 
multipath component. The Rayleigh distribution is applicable in the case where several 
vectors (more than three) with random phases uniformly distributed between 0 and 27t 
and with comparable amplitudes are combined together [2.1]. The probability density 
function (PDF) of a Rayleigh distributed envelope r is [2.2]:
'- (2.D
,r<0
where b is the mean received power of the electric field. The commutative distribution 
function (CDF) can be written as
R 2
P[r<R] = \- exp(———) (2.2)
2b
2.2.2 Rician distribution
When stochastic variable components with a Rayleigh distribution are added to a steady 
(non fading) component, such as a line-of-sight propagation path, the signal envelope is 
said to be Rician distributed. In such a situation, random multipath components arriving
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at different angles are superimposed on a stationary dominant signal. The PDF of the 
Rician distribution is expressed as [2.3,2.4]:
(2 . 3)
where lo, is the modified Bessel function of the first kind and zeroth order and A is the 
LOS peak value and b is the mean received power. However, the distribution departs 
significantly from Rayleigh when a strong direct path is present. The envelope statistics 
are better described by a Rician distribution in this case. Nevertheless, areas with strong 
direct paths typically experience higher signal levels than those with blocked paths, but 
low signal areas dominated by multipath fading are of most concern in determining 
radio system performance. Therefore, departures from Rayleigh for higher signal 
strength areas will not adversely affect the usefulness of a Rayleigh model for most 
system analysis applications.
Superimposed upon the fast fading is a much slower variation in the average received 
signal strength (shadow fading). This is due to differences in local terrain, range and/or 
number of scatterers. The variation in the average signal strength is usually described 
as a log-normally distributed random variable with a distance-dependent mean. A 
description of the channel in terms of Rayleigh distributed fast fading and log-normally 
distributed shadow fading is usually adequate for the evaluation of narrowband systems.
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2.3 Wideband Propagation Characteristics
In addition to the multipath and shadow fading encountered in narrowband systems, the 
performance of wideband transmissions is also limited by dispersion in the channel due 
to delay spread. For digital systems, the time-delayed echoes produce intersymbol 
interference (ISI) (Figure 2-1). Increasing the signal-to-noise ratio will not effect a 
decrease in error performance, and so, the delay spread sets the lower bound in error 
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Figure 2-1: Intersymbol interference caused by multipath signals in a typical mobile 
radio environment.
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The delay spread gives rise to frequency-selective fading, which means that two 
(sufficiently) spaced frequencies fade in an uncorrelated manner. This lack of 
correlation between message frequency components results in a distorted frequency 
spectrum. Thus, there is a variation in the received signal strength with location. 
Therefore, it is necessary that the characterising functions used to describe the wideband 
transmission channel, explicitly show the fading and dispersive properties of that 
channel.
2.3.1 Relationships between System Functions (The Bello functions)
The ultimate in wideband channel characterisation is the set of Bello functions [2.5]. It 
will be worthwhile illustrating the interrelationships between the various system 
functions. These are shown diagrammatically in Figure 2-2. The lines labelled F 
connecting any two-system functions indicate that they are related via single Fourier 
transforms. It can be seen that the system functions involve two variables, and that any 
two-system functions connected by an F have one common variable. This should be 
regarded as a fixed parameter when employing the Fourier transform relationships 
involving the other two variables, one of which will be a time variable, and the other a 
frequency variable. In order to make the F notation unique, the following convention is 
applied, when transforming from a time to a frequency variable a negative exponent is 
used, whilst in transforming from a frequency to a time variable a positive exponent is 
used.
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Figure 2-2: Relationships between systems functions (The Bello functions).
2.3.2 Characterisation of Linear Time-Variant Channels
When the behaviour of the channel is randomly time-variant the system functions 
become stochastic processes. Therefore, in order to describe the statistical 
characterisation of such a channel exactly, knowledge of the multidimensional joint 
probability density distributions of all the system functions is required. While this 
approach may appear necessary for a precise assessment of the channel behaviour in 
some instances, it is unlikely to be achieved in practice. A less accurate, but more 
realistic, approach is based upon a statistical characterisation in terms of correlation 
functions for the various system functions [2.6]. This approach is adopted since it 
enables the autocorrelation function of the channel output to be determined. 
Furthermore, if the output is a Gaussian process, then a description in terms of the mean 
and autocorrelation function is statistically complete [2.7]. In the discussion that 
follows, it is assumed that each of the system functions has a zero ensemble average, so 
that the deterministic component in the random system function is not included. 
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2.3.3 Relationships between channel correlation functions
The relationships between the four system functions are shown in terms of single 
Fourier transforms. It is easily shown that the autocorrelation functions of the system 
functions are related through double Fourier transforms. These relationships are shown 
diagrammatically in Figure 2-3. The lines marked DF indicting a double Fourier 
transform relationship between the connected correlation functions, and the subscripts, 
Rh, RH, RT and Rs, indicating the appropriate system function.
Since the channel correlation functions comprise four variables, any two-correlation 
functions linked by a DF must have two common variables, which should be considered 
as fixed parameters when employing the double Fourier transform involving the 
remaining variables. So that the Fourier transform relationships are made unique, the 
following convention is applied: when transforming from a pair of time (or time-delay) 
variables to a pair of frequency (or frequency-shift) variables a positive exponent is 
used to connect the first pair of variables, and a negative exponent to connect the second 
pair, whilst in transforming from a pair of frequency variables to a pair of time variables 
the opposite signing procedure is used [2.8].
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Figure 2-3: Relationships between channel correlation. 
2.4 Practical Channels 
2.4.1 Wide-Sense Stationary Channel
Many physical channels possess fading statistics that can be assumed stationary over 
short periods of time. Whilst these channels are not necessarily stationary in the strict 
sense, they can be categorised as stationary in the wide-sense (or weakly stationary). 
Wide-Sense Stationary (WSS) channels have the property that the channel correlation 
functions are invariant under a translation in time, i.e. the fading statistics do not change 
over an interval of time. In terms of the channel model composed of a number of 
differential scatterers, each producing delays and Doppler-shifts, the contributions from 
elemental scatterers are uncorrelated if they produce different Doppler-shifts [2.9].
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2.4.2 Uncorrelated Scattering Channel
Several physical channels (e.g. troposcatter and moon reflections) have been modelled 
approximately as a continuum of uncorrelated scatterers [2.5]. In an Uncorrelated 
Scattering (US) channel the contributions from elemental scatterers with different path 
delays are uncorrelated. So the autocorrelation of the channel functions will be singular 
in the time-delay variable. The autocorrelation functions may, therefore, be expressed in 
terms of delta functions in the time-delay domain as, Bello [2.5] discovered that US and 
WSS channels are time-frequency dual. Consequently, the US channel can be regarded 
as possessing WSS statistics.
2.4.3 Wide-Sense Stationary Uncorrelated Scattering Channel
A channel class which simultaneously combines Wide-Sense Stationarity in the time 
variable, and Uncorrelated Scattering in the time-delay variable is designated a Wide- 
Sense Stationary Uncorrelated Scattering (WSSUS) channel (Figure 2-4). This is the 
simplest non-degenerate class of channel, displaying the uncorrelated dispersiveness in 
both the time-delay and Doppler-shift domains, which can be described in terms of 
channel correlation functions [2.5,2.8]. From the discussions on WSS and US channels, 
it can be inferred that the simultaneous constraints placed on a WSSUS channel result in 
singular behaviour in both the time-delay and Doppler-shift variables.
The autocorrelation function of the input delay-spread function, indicates wide-sense 
Stationarity in the time variable and uncorrelated scattering in the time-delay variable. In 
terms of a differential circuit model as a densely-tapped delay line, the channel can be
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represented as a continuum of uncorrelated randomly scintillating scatterers having 
wide-sense stationary statistics.
The autocorrelation function of the output Doppler-spread function, exhibits wide-sense 
stationarity in the frequency variable and uncorrelated scattering in the Doppler-shift 
variable. In terms of a circuit model, the channel appears as a continuum of uncorrelated 
filtering-Doppler-shifting elements, with the filter transfer functions having wide-sense 
stationary statistics in the frequency variable [2.9].
H
Figure 2-4: Relationships between correlation functions in wide-sense stationary 
uncorrelated scattering (WSSUS) channels.
The autocorrelation function of the delay Doppler-spread function reveals uncorrelated 
scattering in both time-delay and Doppler-shift variables. In terms of a differential 
circuit model, the channel can be depicted as a continuum of non-scintillating, 
uncorrelated scatterers causing both time-delays and Doppler-shifts.
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2.5 Radio Channel Characterisation
Practically all radio communication channels can be characterised as linear in regard to 
the effect they have on message signals transmitted through them. Therefore, it seems 
reasonable to consider radio channels as special cases of random time-variant linear 
filters [2.5].
As discussed in sections 2.1 and 2.2, communication in a radio environment suffer from 
multipath, resulting in rapid fluctuations of the received signal envelope due to motion 
through the fading field distribution. Superimposed on this fast fading is a much slower 
variation in the mean received signal strength due to changes in local terrain, range 
and/or number of scatterers. Consequently, it would appear that the mobile radio 
channel is non-stationary. However, characterisation of radio channels proves extremely 
difficult unless stationarity can be assumed over short intervals of time [2.9].
In order to obtain a fairly complete statistical description of the channel, a two-stage 
characterisation is proposed. Firstly, the channel is characterised over a period of time, 
which is small in comparison to the period of the slow channel variations, so that the 
mean received signal strength appears virtually constant. It is further assumed that over 
this small interval the prominent features of the environment remain unchanged, i.e. the 
significant scattering centres do not change. Then the large-scale behaviour of the 
channel is obtained by averaging the small-scale statistics. This two-stage model was 
first proposed by Bello [2.6], and was subsequently used by Cox [2.10] in his study at 
910MHz in New York City. This class of channel has been called Quasi- Wide-Sense 
Stationary (QWSS).
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A further simplification in the characterisation of radio channels can be effected by 
assuming that contributions from scatterers with different path delays is uncorrelated. 
Therefore, the channel can be described in terms of WSSUS statistics, and it can be 
depicted as a continuum of uncorrelated scatterers, in both time-delays and Doppler- 
shifts, having elemental cross-sections. The channel is specified here in terms of the 
scattering function. Useful characterisation of mobile radio channel behaviour can be 
provided by application of the various correlation functions, and their interrelationships.
2.5.1 Small-scale effects
The primary small-scale transmission characteristics of interest are the input delay- 
spread function, and the time-variant transfer function. The autocorrelation function of 
the complex envelope of the received signal, can be obtained from the autocorrelation 
function of the input delay-spread function. A sufficient characterisation of the WSSUS 
channel, in terms of its dispersive behaviour, is possible through knowledge of the input 
delay-spread function. This will now be shown for both the time and frequency domain 
descriptors [2.11].
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2.5.1.1 Time-domain Description
The time-domain description of the channel is obtained by expressing the 
autocorrelation function of the channel output, in terms of the autocorrelation function 
of the input delay-spread function.
Small-scale fading
(based on dispersion)
Flat fading Frequency selective fading
• Signal bandwidth < coherence bandwidth • Signal bandwidth > coherence bandwidth
• Delay spread < symbol period • Delay spread > symbol period
Figure 2-5: Relationships between type of fading and channel statistical 
parameters based on dispersion.
Figure 2-5 summarises the relation between flat and frequency-selective fading and the 
channel bandwidth statistical parameters [2.12]. Short term fading is caused by the 
destructive addition of multipath signal components that arrive at the receiver with 
different phases but similar amplitudes. The fading may be slow or fast depending on 
the Doppler spread and coherence time of the channel. The coherence time represents 
the time between two signal samples that are sufficiently correlated. It is directly 
proportional to the wavelength and inversely proportional to the speed. Figure 2-6 
shows the relationship between fast, slow fading and Doppler spread and coherence
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time; with conditions applicable to a picocell channel indicated. The types of fading are 
summarised in Figure 2-7 [2.13] which combines the related statistical channel and 
signal parameters shown in Figures 2-5 and 2-6.
Small-scale fading
(based on Doppler spread)
Fast fading
• High Doppler spread
• Coherence time < symbol period
Slow fading
• Low Doppler spread
• Coherence time > symbol period includes 
short and temporal fading
picocell channel
Figure 2-6: Relationships between type of fading and channel statistical parameters 
based on Doppler Spread.
De lay spre
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Figure 2-7: Relationship between the types of fading and the related channel statistical 
and signal parameters.
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For WSSUS channels, the autocorrelation function of the channel output is described by 
the profile of the time distribution of received power. Two statistical moments of PH(£) 
of practical interest are the average delay, D, and the delay spread, S. The average delay 
is the first central moment, i.e., mean, of PH(%) and the delay spread is the second central 
moment, i.e., variance of Ph(%). These are expressed as [2.9],
(2.4)
(2.5)
where D and S are of the order of ns in indoor cells and ,us for outdoor cells. 
Although these parameters are estimates, they constitute relevant design parameters for 
WSSUS channels. The delay spread places limits on communication system 
performance [2.14,2.15].
2.5.1.2 Frequency-domain Description
The frequency-selective behaviour of the radio channel is readily obtained by observing 
the correlation between two signals, at different frequencies, at the receiver. The 
existence of different time-delays, for the constituent propagation paths, causes the 
statistical properties of two spaced carrier frequencies to become essentially 
independent, if their frequency separation is sufficiently large. The spectrum of the 
output signal can be obtained by multiplying the spectrum of the input signal by the 
channel transfer function [2.16].
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The maximum frequency difference for which the signals are still strongly correlated is 
called the coherence bandwidth of the channel [2.17,2.18]. The coherence bandwidth is 
a useful parameter in assessing the performances, and limitations, of various modulation 
and diversity-reception techniques [2.19,2.20]. Figure 2-8 shows typical frequency 
correlation functions in an indoor environment.
Be is the bandwidth (frequency separation) at which R(Af) is set equal a suitable 







Figure 2-8: Typical frequency correlation functions in an indoor environment, 
(a) 1.55m, (b) 12.95m, (c) 23.75m TX- RX separation.
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2.5.1.3 Large-scale Channel Characterisation
For small spatial distances, of the order of a few wavelengths, the dispersive behaviour 
of the channel can be modelled as Quasi-Wide-Sense Stationary in the time-domain. 
However, over large distances the changes in terrain and local environment give rise to 
temporal non-stationarity in the statistical characterisation of the multipath. Therefore, 
while it is not possible to directly apply the small-scale statistics to the characterisation 
of multipath over areas where non-local scattering can be observed, it is possible to use 
the scattering function over consecutive Wide-Sense Stationary, and spatially 
homogeneous, sections in order to investigate the scattering behaviour for large areas.
Direct data reduction of the statistical moments of the small-scale characteristics 
provides average distributions of the delay spread and coherence bandwidth, for the 
larger area [2.21]. This method has proved popular in previous studies [2.22,2.23], 
since it gives rise to parameters that are useful in systems design. Complete descriptions 
of the data reduction techniques employed in this study are contained in Chapter 5.
2.6 Diversity System Implementation
The narrowband-wideband channel parameters will give an indication of the channel 
behaviour. These can be incorporated into a channel model and subsequently used in 
simulations to predict the data rates achieved over the unequalised channels [2.15].
The unequalised data rate may not be sufficiently large for the application at a particular 
operating frequency. Thus, methods of increasing the data rate must be implemented. 
These are summarised below:
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2.6.1 Antenna Diversity
Reducing the beamwidth of the antenna, causes a decrease in the number and relative 
levels of significant multipath signals received, resulting in higher symbol rate for a 
given bit error rate (BER). Directional antennas also lead to longer communication 
range because of their higher gain [2.20].
A two branch 62.4GHz mobile radio system is presented together with results of initial 
experimental measurements made in a long narrow corridor [2.24]. Measurements were 
repeated under identical conditions for three antenna separations 6.03X, 7.5X, and 25.8X. 
The limitation imposed by the dimensions of the antennas means that a separation of 
6.03A, or greater can be used.
At the transmitter (Figure 2.9a) a 62.4GHz carrier obtained from a 17dBm cavity 
stabilised impatt oscillator was fed to the base antenna via an isolator. The transmitter, 
powered from an inverter, was clamped on a box mounted on a mobile trolley. The 
receiver (Figure 2.9b) was housed in a box mounted on a trolley and left stationary at 
one end of the corridor.
The receiver consists of two balanced mixers driven, through a magic tee hybrid 
coupler, by a 61.8GHz local oscillator to convert the two received diversity branch 
signals to intermediate frequencies (IP's) of 600MHz. The branch signals were then 
amplified using low noise amplifiers, converted to 220MHz and 170MHz and then fed 
to narrow band-pass filters with a 3dB bandwidth of 2MHz. The signal strengths were 
measured using logarithmic amplifiers the outputs of which were sampled and digitised 
at 20ksamples/sec. 
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Figure 2-9: 62.4GHz Mobile Radio Space 
Diversity System.
Measurements were made using a vertically polarized omnidirectional transmit antenna. 
This has a gain of 6dBi and an elevation beamwidth of 6.5°. It consists of two plates 
supported by a hollow plastic cylinder. The top plate has a concave shape towards the 
base plate, which has a cone shape. At the receiver two identical standard horn antennas 
with lOdBi gain and 69° and 55° E and H-plane 3-dB beamwidths were used. 
Measurements were repeated under identical conditions but with 2.9cm, 3.6cm and 
12.4cm spacings between the receive antennas. The experiment was performed in a long 
narrow corridor. The corridor is 42.63m long, 1.60m wide and 2.70m high. The receiver 
was placed at the centre line of the corridor at 6.03m from one end of the corridor. Both 
the transmitter and the receiver were adjusted to 1.70m height above the floor. The 
corridor has no windows with a number of wooden doors leading off and plasterboard
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sidewalls covered by a thin metal sheet. The floor is covered with plastic tiles. The 
transmitter was moved away from the receiver at an almost constant speed of 1 
metre/sec along the centre line of the corridor. Distance markers were recorded every 2 
metres movement. The envelope levels of the two diversity branch signals relative to 
that at the starting position measured along the center line of the corridor with 6.03A, 
spacing are shown in Figure 2-10. Both envelopes exhibit multipath propagation caused 
primarily by constructive and destructive interference between the direct path and 











10 15 20 25 30 35 40 
Distance from transmitter,
Figure 2-10: Signal envelopes of the branch diversity 
signals measured at 62.4GHz with 6.03X spacing.
The statistics of the measured signal envelopes were expressed as functions of the 
mobile transmitter position by processing the data over a 40A, window, which is being 
moved by 10X. This window length has been chosen so that the signal can be assumed 
stationary and the number of points is large enough to provide a good estimate of the 
statistics.
The main statistical parameter investigated was the correlation coefficient between the 
diversity branch signals as a function of distance. The correlation coefficient measured 
for all spacings is found to be highly variable with the location of terminals. It has been 
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noted that the level of correlation does not show a clear dependence on antennas 
separation. This is believed to be due to the fact that with the smallest separation used 
the diversity branch signals are already un-correlated. Any further increase in the 
separation does not result in lowering the correlation value. It is expected that the 
correlation versus antenna separation function will exhibit a steep reduction in the 
correlation value at small antennas separation, and then oscillatory behavior at larger 
antennas separations [2.20]. It may be concluded that at 62.4GHz the antennas 
separation required so that the correlation between the branch signals stays below 0.5 
for 95% of the time is smaller than 6.03/L
The diversity improvement or diversity gain was measured using selection combining. 
A third channel was obtained by selecting the higher branch signal level. The gains 
obtained at 0.1% and 1% of the time were almost similar and found to be about 1 IdB 
and 6dB respectively.
2.6.2 Frequency Diversity
When a bandwidth, W»(Af), is available the same data signal can be transmitted on a 
number of carriers (L). This yields L-fold diversity in case the frequency spacing 
between successive carriers is chosen such that the impulse responses of the associated 
frequency channels are essentially uncorrelated [2.25].
This section presents results of experiments made at 62.4GHz to simultaneously 
measure the envelopes of two signals separated in frequency in order to characterise the 
frequency correlation function. Two different processing techniques, to compute the 
coherence bandwidth, are described and compared. The coherence bandwidth is a
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relevant parameter in estimating data transmission rate and in the evaluation of 
frequency diversity system performance.
Figure 2-11 shows the block diagram of a 62.4GHz frequency diversity system 
[2.25][2.26]. At the transmitter, a 20dBm 62.4GHz carrier is synthesised from a 
100MHz crystal using a phase locked oscillator. The carrier is modulated using a 
sinusoidal wave to get an output signal, which consists of two frequency components. 
Due to the response of the modulator, the power of both components at its output 
decreases as the frequency separation increases, and consequently limits the maximum 
frequency separation to 150MHz. The modulated signal is fed to a lOdBi vertically 
polarised horn with 69° and 55° E and H-plane 3-dB beamwidths, respectively.
A dual-reflector antenna is used at the receiver. The reflectors, which are of the same 
diameter, are placed at both ends of a dielectric cylinder that provides support to the 
structure. The top plate has a parabolic surface while the bottom one has the shape of a 
cone. The antenna, which is vertically polarised, is fed through a circular aperture at the 
centre of the bottom reflector, and has 6dBi of gain and full azimuthal coverage with a 
6.5° E-plane 3-dB beamwidth. The receiver, with a noise floor of —74dBm, down 
converts the signal to an intermediate frequency of 600MHz which is amplified before 
being splitted into two branches to separately detect the signal envelopes using 
logarithmic amplifiers. The branch signals were sampled simultaneously at a rate of 
20,000 samples/sec.
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Figure 2-11: A 62.4GHz Frequency Diversity System.
Measurements using 10, 20, 30, 40, 50, 75, 100 and 150MHz frequency separation 
values were conducted in a sub-urban street. Houses on both sides of the street are 
constructed primarily of stones, and they have a number of windows and doors on their 
facades. The transmitter was housed in a box and mounted on a mast at a height of 3.1 
meters. It was stationary on the pavement at one end of the street with its antenna 
pointing horizontally along it. The receiver was 2.8 meters high and was mounted on the 
roof of a transit van. The van was driven at an almost constant speed of lOmph (4.4 
meters/second) along a 150m path. For this geometry, sidewall reflections are present 
for almost all receiver locations while ground reflections only occur at distances greater 
than 104 m.
The statistics of measured and predicted signal envelopes are expressed as functions of 
the mobile receiver position by processing the data over a 40X long window which is
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being moved by 10X.. This ensures that the signal can be assumed stationary and the 
number of points (880) is large enough to provide good estimates of the statistics. 
The measured correlation coefficients between the signal envelopes obtained for all 
frequency spacings are found to fluctuate significantly with the location of the receiver. 
Therefore measuring the correlation coefficient just over a small number of sections, as 
has been reported in the literature [2.27], is insufficient to characterise the frequency 
correlation function of the channel. The distinctive behaviour of the correlation 
coefficient at small distance from the base station is due to the small number of 
components contributing to the received signal.
The coherence bandwidth at each position is obtained by computing, from the frequency 
correlation function at that position, the frequency spacing at which the correlation 
drops to a certain level [2.28]. At small distances propagation is mainly by the direct ray 
and a single reflection from the wall nearer to the transmitter. This causes the coherence 
bandwidth to vary in a particular fashion.
It has been shown that the correlation coefficient between signal envelopes centred at 
62.4GHz and separated in frequency fluctuates significantly with the position of the 
mobile receiver relative to the base station. Therefore, the level of correlation at a 
sufficiently large number of points in the microcell has to be measured in order to fully 
characterise the frequency correlation function.
The frequency correlation functions, as expected, have shown that the correlation 
coefficient decreases with increasing frequency separation. It has been established that 
frequency separations greater than 65.5, 29.7, and 9.6 MHz will ensure correlation 
levels below 0.5, 0.7 and 0.9 respectively for 90% of time. The 0.5 coherence
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bandwidth is smaller than that reported in [2.27] where the correlation was measured 
over three sections only. Another reason for the discrepancy is the different receive 
antenna pattern employed.
It has been shown that the coherence bandwidth is highly variable with the location of 
the receiver. The values of the coherence bandwidth are found to be below 32.4, 21.8 
and 9.4 MHz for 90% of receiver locations corresponding to 0.5, 0.7 and 0.9 correlation 
levels respectively.
2.6.3 Adaptive Equalisation
Broadband wireless access requires several tens of megabits of data rate and have tens 
of MHz of bandwidth. If the operating bandwidth is much greater than the coherence 
bandwidth, adaptive equalisation may be needed to compact the frequency selective 
fading. Equalisation will help reduce ISI if the received multipath components are 
delayed by significant fractions of the bit period [2.29,2.30].
2.6.4 Orthogonal Frequency Division Multiplexing (OFDM)
By reducing the data rate carried by a single carrier, the ISI can be reduced to such as 
extent that it does not significantly affect the burst error rate. To achieve the overall 
throughput, a number of these lower data rate carriers must be transmitted. These 
carriers are transmitted on adjacent frequencies. Even though some frequencies will be 
affected by fading others are affected less thus reducing the overall error rate [2.31].
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2.7 Interim Conclusions
In this chapter the propagation characteristics expected to occur in a typical, multipath- 
reflective, indoor environment are analysed. Digital transmission over mm-wave 
channels is discussed, including some performance improvement methods and the 
suitability of some figures-of-merit that are commonly used to quantify transmission 
performance.
The chapter contains a complete characterisation of a general class of randomly time- 
variant linear channels. The relationships between different types of fading and channel 
statistical parameters based on dispersion and Doppler spread are introduced and the 
conditions applicable to a picocell channel are outlined. It is stated that considerable 
performance gain can be achieved by exploiting different diversity techniques 
associated with the frequency selective nature of the channel.
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CHAPTER 3
Review of Narrowband and Wideband Channel Soundings Techniques
3.1 Introduction
A detailed discussion of the statistical characterisation of radio propagation channels is 
presented in Chapter 2. The symmetric interrelationships between the characterising 
functions, in the time-time delay, time-frequency, frequency-frequency shift and time 
delay-frequency shift domains, are outlined. Consequently, a complete characterisation 
of the channel can be effected through use of a channel sounding technique that 
provides a suitable two-dimensional description for any of these domains.
The choice of channel sounding technique will usually depend upon the application 
foreseen for the propagation data and available hardware resources. Essentially, a 
choice has to be made between using narrowband or wideband transmissions, and 
whether a time or frequency-domain characterisation is required. In the following 
sections, a brief assessment of narrowband sounding techniques is presented, prior to a 
more detailed review of the various wideband sounding methods. The advantages and 
limitations of the different approaches are discussed, and the reasons are given for the 
choice of channel sounder used in this study.
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3.2 Narrowband Channel Sounding Techniques
3.2.1 The Single Tone Method
When the radio channel is excited by an unmodulated Radio Frequency (RF) single tone 
carrier, large variations are observed in the amplitude and phase of the received signal 
(Figure 3-1). These variations result from the random phase additions of signals arriving 
over many scattered paths.
A considerable number of mobile radio propagation studies have been undertaken, in 
the VHP, UHF, microwave and millimetre frequency bands, utilising this technique 
[3.1-3.4]. From these studies, descriptions of the propagation channel, in terms of 
statistical parameters related to the fading envelope of the transmitted tone, have been 
presented. The small-scale variations of the envelope have been seen to have 
approximately Rayleigh distributed amplitude statistics. Departures from Rayleigh for 
areas with a strong specular component have been better described in terms of Rician 
statistics, however these are of little consequence when evaluating system performance. 
The phase has been assumed to be uniformly distributed over (0,27i] radians [3.2]. 
Therefore, the received signal constitutes a narrowband complex Gaussian process 
when the channel is excited by a single tone.
The power spectral density of the envelope can be obtained through Fourier 
transformation of its autocorrelation function [3.2], which is easily derived from the 
measurements. The fact that the transmission of a single tone gives rise to a received 
signal with a spectrum of non-zero width implies that the channel behaves like a 
continuum of frequency-shifters.
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From the description of channel models in Chapter 2, it is known that these are the
Doppler-shifts associated with individual scatterers.
In addition to the small-scale variations, there is a perturbation in the mean received 
signal strength due to gross changes in the environment. These large-scale variations 
are approximately log-normally distributed, with a distance-dependent mean. However, 
it is usually the small-scale statistics that are of most importance to the systems 
designer.
Although Jakes [3.2] and Gans [3.5] extended their models to consider the correlations 
between two spaced frequencies in the presence of time-delayed multipath, it is obvious 
that, in order to verify the models, the single-tone measurements have to be repeated 
over the frequency band, or an alternative sounding technique used. Therefore, a 
primary limitation of the single-tone sounding technique is its inability to explicitly 
illustrate the frequency selective behaviour of the channel.
Figure 3-1: Narrowband Channel Sounding System at 62.4GHz
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3.3 Wideband Channel Sounding Techniques
3.3.1 Introduction
Channel Sounders are often categorised in three main classes: Periodic pulse, pulse 
compressing and frequency sweep sounders. In a pulse channel sounder, a short-RF 
pulse is transmitted, and the received signal envelope is detected in the receiver. Only 
information about the received signal amplitude is obtained, it is thus not possible to get 
any information about Doppler spectra [3.6].
The basis for all pulse compression systems is based on the principle that if white noise 
is applied to the input of a linear system, and if the output is cross-correlated with a 
delayed replica of the input then the resulting cross-correlation coefficient function is 
proportional to the impulse response of the system, hi practice, it is unrealistic to 
generate white noise, and, as a result, experimental systems must employ deterministic 
waveforms, which have a noise like character.
The mostly known examples of such waveforms are the maximal length Pseudo 
Random Binary Sequence (PRBS). One way of effecting pulse compression is to design 
a system where a PRBS is used to Bi-Phase modulate a carrier prior to transmission. At 
the receiver the signal processing is based on correlating the biphase (I) and Quadrature 
(Q) components with an identical PRBS to that used at the transmitter, but clocked at a 
slightly slower rate. This process is known as swept time-delay cross correlation 
(STDCC)method[3.7].
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3.3.2 Periodic Pulse Sounding Method
When an impulse (i.e. short duration pulse) is used to excite the radio propagation 
channel, the received signal represents the convolution of the sounding pulse with the 
channel impulse response. In order to observe the time-varying behaviour of the 
channel, periodic pulse sounding must be employed. The pulse repetition period has to 
be sufficiently rapid to allow observation of the time-varying response of individual 
propagation paths, whilst also being long enough to ensure that all multipath echoes 
have decayed between successive impulses. The width of the pulse determines the 
minimum echo-path resolution, i.e. the minimum discernible path difference between 
echo contributions, while the repetition rate determines the maximum unambiguous 
echo-path time-delay, i.e., the maximum distance for which an echo contribution can be 
unambiguously resolved. The periodic pulse sounding of the channel provides a series 
of 'snapshots' of the multipath structure, with successive snapshots forming a 'motion- 
picture' representation of the multipath propagation between transmitter and receiver 
(either of which is mobile).
The first study of the impulse response of the mobile radio propagation channel was 
conducted in New York City [3.8]. A 100W peak power RF pulse at 450 MHz, 0.5|J,s in 
duration, transmitted from a fixed base station, was used as the sounding waveform. 
The 0.5^18 pulse width corresponds to a minimum echo-path resolution of = 150m. At 
the mobile receiver, the pulsed RF carrier and the time-delayed echoes due to multipath 
were received on a quarter-wavelength whip antenna, and then fed to a conventional RF 
front end. Following translation to a 30MHz IF, the received signal was envelope 
detected to obtain the response of the channel.
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A second study was carried out by Turin [3.9] in San Francisco using essentially the
same method as in [3.8]. Impulse response measurements were obtained using a 0.1)_is 
duration pulse (i.e. 30m spatial resolution) at carrier frequencies of 488MHz, 1230MHz 
and 2920MHz. Accurate timing measurements, with respect to the line-of-sight time- 
delay, were obtained through the use of rubidium atomic frequency standards at both the 
transmitter and mobile receiver, with these being synchronised prior to the start of an 
experimental run.
There are, however, several major weaknesses in the periodic pulse sounding 
measurement technique. The two systems described above use envelope detection, thus 
discarding the phase information, containing the angles-of-arrival of echo-paths in the 
form of Doppler-shifts. Consequently it is impossible to identify the sources of 
significant signal scattering. The Doppler-shifts can be determined by coherently 
demodulating the quadrature components of the received signal. The major limitation, 
however, of the periodic pulse sounding technique is its requirement of a high peak-to- 
mean power ratio to provide adequate detection of weak echoes.
Since, in general, pulsed transmitters are peak power limited, a possible way of 
overcoming this constraint is to use a sounding method which provides pulse 
compression. Systems employing pulse-compression techniques are described in the 
following sections.
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3.3.3 Pulse Compression Techniques
As stated in section 3.3.2, one of the principal drawbacks of the periodic pulse sounding 
method is its requirement of a high peak-to-mean transmitter power ratio. 
Consequently, schemes have been sought which obviate this need, and these are termed 
pulse compression techniques.
3.3.3.1 The Swept Time-Delay Cross-Correlation Method (STDCC)
The cross-correlation of the output of a linear system can be expressed by the following 
convolution relationship,
(3.1)
where ® denotes convolution.
If Rx(z) is a good approximation to a delta function, as is the case with a suitable m- 
sequence, then the cross-correlation coefficient Rwx(z) is effectively a sample of the 
impulse response of the system at the delay value z. The relationship in equation (3.1) 
clearly illustrates the principle of the cross-correlation sounding technique.
An alternative approach, which requires only a single cross-correlation stage, is to vary 
the relative delay between the two m-sequences. This can be done in two ways, either 
the m-sequence is stepped randomly or linearly through each of its m-phases, or the 
clock frequencies of the two m-sequences are slightly offset, causing the relative delay 
between the transmitted and received m-sequences to vary linearly with time. As a 
result, the parallel form of processing found in the RAKE [3.7] system, is transformed 
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into a serial form, with the penalty that instantaneous impulse responses can no longer
be observed. Therefore, time scaling (i.e. bandwidth reduction) of the cross-correlator 
output is inherent in both of these techniques [3.7].
The earliest impulse response measurements of the mobile radio channel made using a 
swept time-delay cross-correlation sounder were obtained by Cox [3.10] in New York 
City at 910MHz. In these experiments a 511-bit m-sequence clocked at 10MHz, was 
used to 'phase-reverse' modulate a 70MHz carrier. This modulated signal was then 
translated to the sounding frequency by mixing with an 840MHz LO, and was amplified 
to produce an average radiated power of 10W. The signal was subsequently radiated 
from an omnidirectional antenna mounted atop a fixed base-station. All frequencies 
used in the transmitter were derived from a stable 5MHz frequency standard.
In the mobile receiver an identical 5MHz standard was also used to derive all 
frequencies. Following front-end amplification and filtering, the received signal was 
translated down to 70MHz by mixing with an 840MHz LO. The 70MHz IF signal was 
then split in a wideband quadrature hybrid, and applied to two correlators.
In each correlator, an identical m-sequence to that formed in the transmitter, but clocked 
at the slightly slower rate of 9.998MHz, was used to "phase-reverse" modulate a 
70MHz carrier. This signal was then multiplied with the IF signal from the quadrature 
hybrid. A low-pass integrating filter completed the cross-correlator.
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The difference in the clock rates for the two m-sequences determines the bandwidth of
the cross-correlation function, in this case 2 kHz (i.e., 10MHz - 9.998MHz). This 
corresponds to a time scaling factor of 5000, which means that the features of 5000 
individual responses are contained within each delay profile obtained at the output of 
the cross-correlator. However, it was not anticipated that path delays would exceed 
15//s, therefore, the slow m-sequence was reset every 75ms(5000xl5//s). At a constant 
speed of 1.4m/s, the vehicle would have travelled a spatial distance of approximately 
one third of a wavelength of the transmitted RF during in this time. As a result, the 5000 
individual responses are unlikely to have appreciably altered in their multipath structure. 
The validity of this argument was confirmed by Bajwa [3.11] in his real time 
observation of the output of the matched-filter receiver he used. The inherent bandwidth 
reduction of this system easily allowed data recording with conventional analogue tape 
recorders, for subsequent analysis.
Demodulating the received signal in quadrature demodulators enabled extraction of the 
Doppler-shifts associated with each time-delayed echo. Accurate timing information 
was obtained by synchronising identical 10MHz m-sequences in the transmitter and 
receiver, and by using stable frequency standards. This enabled, for the first time, the 
simultaneous measurement of time-delays and Doppler-shifts in multipath mobile radio 
channels.
There have been several further studies made, in the mobile radio millimetre-wave 
fields using the swept time-delay cross-correlator method [3.12,3.13,3.14]. All the 
measuring equipment in these studies were replicas of the system used by Cox [3.10].
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3.3.3.2 Swept-Frequency Channel Sounding Method
Because of the dual relationship between time and frequency domain techniques, it is 
possible to measure the channel impulse response in the frequency domain 
[3.15],[3.16].The frequency sweep technique had been used widely in radar theory. A 
Vector Network Analyser (VNA) controls a synthesised frequency sweeper. 
The sweeper scans a particular frequency band (centred on the carrier) by stepping 
through discrete frequencies. At each discrete frequency step, a part of the source signal 
is tapped off before transmission and is used as a reference signal for coherent detection 
at the receiver. The VNA uses a tuned narrowband receiver which provides high noise 
and interference rejection and therefore can be used over a larger dynamic range than 
the cross-correlator method. This complex frequency response is then converted to the 
time domain by taking the Inverse Fourier Transform (IFT), giving a band limited 
impulse response (Figure 3-2)[3.17]. A similar method using vector channel sounding 
employs multi-tone signal transmission. This type of sounder is also known as the 
MEDAV RUSK BRI [3.18], [5.15]. It covers the frequencies of 5-6GHz with a 
bandwidth of 120MHz and an 8-element uniform linear patch antenna array. The radio 
channel is excited by a periodic multifrequency sounding signal which is generated at 
baseband by an arbitrary waveform generator.
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Figure 3-2: The duality of channel characterisation in the frequency and the time 
domain.
The advantages of the frequency domain system are high resolution, constant 
transmitted power that allows larger areas to be measured, and lower effects of non- 
linearities. It requires careful calibration (anechoic chamber) and hardware 
synchronisation between transmitter and receiver, making it useful only for close 
measurements (e.g. indoor channel sounding). The main drawback of this method is the 
long time it takes to obtain a frequency response by the vector network analyser because 
of the narrow bandwidth required to achieve a sufficiently high signal-to-noise ratio. 
This results in a measurement time greater than the coherence time. The coherence time 
is defined in the next section.
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The swept-frequency technique has been chosen for this study. Apart for the relative
advantages reported before there is also a pragmatic reason for making this choice. The 
swept-frequency technique can be performed by a network analyser which is a versatile 
general-purpose instrument for full two-port characterisation. It can also be used for 
measuring other types of communications channels, reflection measurements and the 
characterisation of passive as well as active devices.
3.3.3.3 Stepped-Frequency Correlation Method
The two latter methods described before have advantages and disadvantages. A major 
advantage of the "Swept-Frequency method" for wideband radio channel measurements 
lies in the possibility to define the measurement parameters almost arbitrarily within the 
limits of the network analyser. The measurement bandwidth, which determines the 
resolution of multipath components with respect to different delays, can be chosen 
sufficiently high enough (IGHz [3.16], 2GHz [3.19]) to resolve significant multipath 
components in an indoor environment with a resolution as high as Ins and 0.5ns 
respectively. However, each increase in the measurement bandwidth, increases the time 
for measuring the transfer function by the Swept-Frequency method. Thus it is not 
possible to measure consecutive transfer functions of a time-variant channel without 
violation of the sampling theorem [3.20] and inside the coherence time of the channel 
[3.21]. To mitigate this effect fast sweep times are necessary to keep the total swept 
frequency response measurement interval as short as possible. A faster sweep time can 
be accomplished by reducing the number of frequency steps, but this sacrifices 
frequency resolution.
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Shorter measurement times can be achieved by the Swept Time-Delay Cross- 
Correlation Method. As it will be shown in the next section the measurement time for 
the impulse response is determined by the length of the pseudo-noise (pn) sequence, 
which is usually in the range of milliseconds or even shorter. However the measurement 
bandwidth, and thus the delay resolution, is limited by the clock frequency of the pn- 
code-generator. Although it is possible to design and build code generators with clock 
frequencies of e.g. 500 MHz, most channels sounders use lower measurement 
bandwidths (e.g. 54MHz [3.22], 120MHz in [3.23] since the problems and expense for 
digital circuit design drastically increase if the clock frequency exceeds 100MHz. A 
channel sounder based on this method was reported in l.SGHz [3.20]. 
The coherence time is the maximum time difference for which two impulse responses 
are still strongly correlated [3.20]. 
The Doppler shift fi^and the coherence time At are related by the following equations:
(3.2) 
c
Af = —— (3.3)
BD
where:
fc is the carrier frequency, v is the velocity of movement and c is the velocity of light so 
that if v=1.5m/s corresponding to a walking person at/c= 62.4GHz the Doppler shift is 
f 624Hz and the coherence time is 6.41ms.
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3.3.4 STDCC Channel Sounding Method
At the early start of this research work a 62.4GHz channel sounding system based on 
the STDCC method had been designed with off-line correlation [3.16]. A block diagram 
of this system is shown in Figure 3-3.
3.3.4.1 Transmitter
At the transmitter a 62.4GHz carrier signal derived from a 100MHz Crystal with 
stability +/-2 xlO"9 , is bi-phase modulated by a 127-bit PRBS at a code rate of 100 
Mb/s. The PRBS is derived from a 150MHz Pulse Generator which offers the flexibility 
of selecting chip rates up to 150MHz and code lengths up to 4095 bits. The resulting 
modulated signal is a bi-phase modulated signal centred at 62.4GHz.
The dynamic range requirement of the system depends on how large a difference in 
amplitude needs to be observed between the largest and smallest received echoes. The 
dynamic range, ignoring the effect of system noise, is purely a function of the sequence 
length (m), and is equal to 201ogi0 m. The dynamic range that can be obtained with 
m=127is42dB.
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Figure 3-3: Swept Time-Delay Cross-Correlation (STDCC) Channel Sounder 
at 62.4GHz.
3.3.4.2 Mobile Receiver
The received signal is coherently demodulated with a 61.8GHz carrier and down- 
converted to an intermediate frequency (IF) signal of 600MHz as shown in Figure 3-4. 
This signal is passed through a 450-750 MHz band pass filter and then amplified by a 
low noise amplifier (LNA). The resulting modulated signal is fed to the I&Q 
demodulator to obtain the inphase (I) and quadrature (Q) components. The 600MHz 
reference to the I&Q demodulator is derived from a Phase Lock Loop (PLL) 
synthesised from an identical 100 MHz Crystal as that used at the transmitter. The I&Q 
channels are then filtered using a pair of low pass filters and then captured on a 2- 
channel digital oscilloscope (HP 54522A). The digitised waveforms were then 
transferred to a computer to perform off line correlation with the reference sequence. 
Since we are using off-line correlation (most of the channel sounders reported so far at 
60GHz use the sliding correlator at the receiver) only one code generator is required but 
a high speed digital oscilloscope is needed.
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Time and spatial resolution are a measure of the minimum discernible path difference
between echo contributions, and is a function of the sequence clock rate. The clock rate 
has to be sufficiently high to enable resolution of the multipath echoes. 
The choice of clock rate (i.e. resolution) depends upon the nature of the environment 
e.g., a high resolution is required for indoor environments, whilst a lower resolution is 
needed in urban areas. Using equation 3.4 which results to time resolution Tres and 
bandwidth Bw, Tres with a bandwidth of 100 MHz and a 127-bit sequence length (ra), is 
10ns. This is equivalent to a 3m spatial resolution.
(3.4)
Bw
The frequency resolution Fres is an important factor particularly when the average delay 
profile contains significant echoes at large excess time delays.
m
Since we are using off-line correlation, the frequency resolution of this system can be 
increased by sampling at a higher rate and longer record length without the need of 
increasing the code length as there are penalties to be paid for adopting this approach, 
thus limiting the maximum practical value of m. Parsons [3.20] and Demery [3.6] with 
m=127 and Bw=10 MHz provided a frequency resolution of 78.74 kHz. To increase the 
frequency resolution of their system they adopted the zero padding technique, in which 
1921 zeros were added to produce a composite sequence length of 2048 (127+1921) for 
the Fast Fourier Transform (FFT). This provided a resolution of 4.88kHz. Even though 
this approach can increase the frequency resolution of the system there are two main 
drawbacks. First using the zero padding technique, a reduction in the signal amplitude
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level occurs and secondly the high frequency components of the signal do not follow the
same sample interval. Using a high speed digital oscilloscope, HP 54522A (2GS/S, 
500MHz) with 32K waveform memory each channel, record length from 512 to 32,768 
points and off-line correlation, the frequency resolution can be increased without the 
need to employ zero padding. Sampling was performed on the total actual signal with a 
bandwidth, Z?w=100MHz and a record length of 2048 (sample points). This can yield a 
frequency resolution of 48.8 kHz.
The maximum unambiguous echo-path time delay, which can be measured by the 
system in Figure 3-3 is given by the product of the sequence length, in bits, and clock 
period of the sequence i.e. 1270ns. For averaging purposes it is wise to record many of 
sequences but this depends on the hardware capabilities and measurement time.
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Figure 3-4: The received Spread Spectrum signal centred at 600MHz.
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The main purpose of this system is for use in an outdoor environment (microcell) 
without the physical connection between the TX and RX. In such arrangement the phase 
locked oscillators at both terminals are synthesised from identically specified but 
different crystals. The frequency and phase drift of the two crystals becomes the most 
crucial factor. Any fractional frequency difference and drift between the standards will 
cause shift in timing, so those echoes with the same path delays will no longer occupy 
the same resolution cell. This also determines the maximum time over which reliable 
measurements may be taken.
A measurement period can be defined as the time it takes for a drift of a single time 
resolution bin, i.e. 10ns. If this is to be of the order of 5 minutes, then the frequency 
stability difference between the standards has to be of the order of 3.3xlO~n , and the 
stability has to be good enough to maintain this difference over the 5-minute period. 
However the frequency stability of the crystal utilised at both terminals is 2x10~9 giving 
a measurement time of 5sec. This time is not enough to conduct meaningful 
measurements. For his study, Cox [3.10] achieved a phase angle sweep of 360° in 10s, 
which corresponds to a frequency difference of 1 x 10" 10 . Demery [3.6] using an 879.93 
MHz carrier frequency, a phase sweep of 360° in 30sec was achieved. This corresponds 
to a difference of 3.8 x 10" 11 , and set a maximum time of continuous field trial operation 
of 44 minutes. The stability of the frequency standards in terms of drift can be also 
measured relative to a primary master source.
After this initial evaluation and testing of the STDCC channel sounder some problems 
have been identified. First the stability of the crystals employed at the transmitter and 
receiver which are not of atomic rubidium standards is insufficient to ensure long
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measuring time. Employing high stability frequency standards like atomic rubidium
both at the receiver and the transmitter is a necessity. This problem can be solved also 
by connecting both PLO's with a cable, but this is not practical for outdoor 
measurements. Secondly in order to enable measurements of the complex impulse 
response accurately it has to be ensured that the PRBS clock over the measurement time 
does not drift. This may be ensured by a full system synchronisation (including the 
digital oscilloscope).
Three important conclusions can be observed following this initial evaluation and 
testing:
• Using an SDTCC channel sounder with off-line correlation, only one code generator 
is required but the need for high rate digitisation necessitates a high-speed data 
acquisition system. Fine frequency resolution can be achieved without the need for 
zero padding.
• Employing high stability frequency standards like atomic rubidium both at the 
receiver and the transmitter is necessary to ensure sufficiently long measuring time.
• To enable measurements of the complex impulse response accurately it has to be 
ensured that the PRBS clock over the measurement period does not drift. This may 
be ensured by full system synchronisation making it useful especially for spatially 
close measurements (i.e. indoor channel sounding).
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3.4 Interim Conclusions
The advantages and limitations of various sounding techniques have been outlined 
above. After considering the relative merits and weaknesses of the different sounding 
techniques above it would appear that the stepped-frequency correlation technique 
method is nearest to an optimum sounding technique. But due to equipment and 
resources available the swept-frequency technique has been chosen for this study. Static 
measurements being identified as main target coupled with relative advantages of this 
method are further reasons for choosing this solution.
Main advantages of the swept-frequency technique are the unprecedented time- 
resolution, which can be obtained together with high measurement accuracy. Full 
characterisation can be obtained of the magnitude and phase of the channel impulse 
response. Constant power can be transmitted that allows larger areas to be measured, 
and minimises the effects of non-linearities. The swept-frequency channel sounder 
together with the relevant equipment and parameters, will be described in the next 
chapter.
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CHAPTER 4
Swept Frequency Wideband Impulse Response Identification Channel 
Sounding System
4.1 Introduction
The relative merits of various channel sounding techniques are discussed in Chapter 3 
and preference is indicated for a swept frequency channel sounder which has been 
employed in this research work. Following the description of the channel sounding 
requirements, design details of the fixed base transmitter and the movable "portable" 
receiver are presented.
4.2 System Requirements
The recent rapid growth in broadband communications, and particularly cellular 
radiotelephony, has prompted the need for accurate methods of predicting and 
assessing, the performance of these radio systems [4.1]. From a system engineering 
standpoint, propagation information that quickly allows the evaluation of modulation 
schemes, data rates, diversity techniques, coding formats and equalisation techniques 
are of principal concern, whereas, from the standpoint of radio propagation modelling, 
information that relates multipath phenomena to the local environment is required. The 
ideal channel sounding impulse response identification system would be capable of 
satisfying all these criteria simultaneously. In practice however, it is found that an 
improvement in one parameter i.e. the Doppler-shift may cause degradation in another
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e.g time resolution [4.2]. This represents one of the main challenges in the design of a 
channel sounding system at 62.4GHz. This is explained in the following sections.
4.2.1 Dynamic Range
The dynamic range requirement of a system depends on how large a difference needs to 
be observed between the largest and smallest received echoes. In our case the VNA 
receiver bandwidth is 3.7KHz (IF filter) which results in a noise floor of approximately 
-lOOdBm. For noise reduction purposes, 8 sweeps had been averaged, reducing the 
noise floor to -HOdBm. With the terminals 1.5m apart the received signal is 
approximately -40dBm yielding a signal to noise ratio of about 70dB. The dynamic 
range of the system can be improved by increasing the averaging factor but this put 
constraints on the total time within which a frequency response can be recorded.
4.2.2 Carrier Transmission Frequency
The choice of the operating frequency of 62.4GHz accords with the particular spectrum 
allocation, by the MBS which has assigned two IGHz frequency bands at 62-63GHz 
and 64-65GHz, for the down and uplinks respectively. These allocations envisage 
transmission rates up to 155Mb/s [4.3]. Because of these requirements high stability 
62.4GHz PLOs were employed at the transmit and receive modules.
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4.2.3 Multipath Resolution
4.2.3.1 Time and Frequency resolution
Time resolution is a measure of the minimum discernible path difference between echo 
distributions and it is a function of the swept bandwidth. The time resolution has to be 
high enough to enable observation and resolution of multipath echoes, which lead to 
intersymbol interference. High resolution is required in indoor radio environments, 
expected to be significantly affected by multipath propagation.
The time resolution Tres , that can be achieved is inversely proportional to the sweep 
bandwidth BWmeas , namely:
which yields Ins for a sweep bandwidth of IGHz.
The value of the time resolution of this sounder is mainly limited by the bandwidth of 
the LNA at the receiver. The resolution can be increased to 0.5ns by sweeping the VNA 
over the bandwidth of l-3GHz and replacing the LNA with one that can accommodate 
this bandwidth. The time resolution of Ins corresponds to a spatial resolution of 0.3m.
For estimation of the coherence bandwidth from the frequency correlation function, it is 
of important that the frequency resolution of the system is set sufficiently fine. If the 
frequency resolution is low, important data will be lost when estimating the values of 
the coherence bandwidth [4.4].
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The frequency resolution depends on the number of steps used to sweep over the I GHz
bandwidth. For 1600 frequency steps Afmeas , (1601 points), the frequency resolution is 
625KHz, and is given by:
(4-2)
The unambiguous time range Tunamb, is 1600ns and is given by
./ measT — J meas — (Amamb F
meas *• res
This must be sufficiently long to ensure that no significant echoes arise after this time. It 
will be shown later following the measurement campaigns that about 350ns aliasing free 
range in the time domain is sufficient for reliable indoor channel characterisation.
4.3 Channel Sounder Hardware 
4.3.1 Fixed Base Transmitter
Figure 4-1 shows the block diagram of this system [4.5]. At the transmitter the VNA 
(HP8714C) synthesised output is step-swept between l-2GHz, and then up-converted 
(mixed) to a 62.4GHz carrier prior to transmission. This PLO can be either synthesised 
from a 100 MHz internal oven controlled crystal or an external reference one. The 
output of the 100MHz internal crystal is coupled at the output and initially was used as 
reference for both PLO's at the transmitter and the receiver.
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However it was found that the receiver PLO frequency was not exactly identical to that 
of the PLO at the transmitter. This is because the frequency of this crystal is about 
99.98MHz and not 100MHz. So an external 100MHz oven controlled crystal with 
stability of +/-3ppm was used as a reference for both 62.4GHz PLO's. The up-converter 
has an IF bandwidth from DC-6GHz and can also be used as a modulator. The output of 
the up-converter consists of two sidebands at a level approximately 6-7 dB below the 
swept IF signal level. The upper sideband with frequencies between 63.4GHz and 
64.4GHz is passed through a filter. The bandpass filter with passband specified at 63.4 
and 65.4GHz also suppresses the lower sideband between 60.4GHz and 61.4GHz. 
Figure 4-2 shows a photograph of the fixed base transmitter.
62.4GHz
Band Pass\ / 
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Figure 4-1: The 62.4GHz Frequency Domain Channel Sounder.
4.3.2 Movable "Portable" Receiver
At the portable receiver a 62.4GHz phase locked oscillator is synthesised from the same 
100MHz oven controlled crystal by connecting a 50m Sucoflex flexible coaxial cable 
(very low loss, 0.23-0.73 dB/m) from the transmitter to receiver. The l-2GHz signal is
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coherently detected, amplified by an LNA with bandwidth 900-2000MHz and 32dB
gain and then is fed-back through a second 50m Sucoflex flexible coaxial cable to the 
receive port of the VNA to measure the channel's transfer function. 
Figure 4-3 shows a photograph of the movable "portable" receiver.
Figure 4-2: Photograph of the fixed base transmitter.
Figure 4-3: Photograph of the movable "portable" receiver.
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The main parameters of the channel sounder are given in Table 4-1.




Output power prior to antenna 2dBm
Dynamic Range (with a noise floor -1 lOdBm) 70 dB (IF bandwidth 3.7kHz)
Time resolution Ins
Spatial resolution 0.3m
Range 50m (Cable length limited)
Acquisition Time (8 sweeps x 975ms) 7.8sec
4.3.3 Data Acquisition
The VNA settings are automated using the instrumentation package Lab View [4.6] and 
GPIB interface. A personal computer (PC), -Pentium II, 333 MHz, 128 Mb/s- was used 
for data acquisition. This package offers the features of concurrently transferring, 
displaying, storing and analysing the data at the same time. The instrumentation 
software was developed to operate in two modes:
• In continuous mode (no averaging) in order to enable examination of the channel 
statistics with time (i.e. presence of people).
• In discrete mode (averaging) to enable examination of the channel statistics with 
respect to the position of the terminals (i.e. antennas separation, height) and for 
noise reduction.
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Figure 4-4: The Lab View instrumentation software (a) Front panel (b)Block codes
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4.4 Channel Sounder Testing
4.4.1 Measurement Calibration
Calibration of the channel sounder is necessary to remove tracking errors of the source 
and more importantly, any frequency dependent effects of the measurement system, e.g. 
connectors and cables. If these effects were not removed by calibration, they would 
appear as "spikes" in the power delay profile, which could be mistaken for multipath 
components. Thus, the accuracy of the calibration process effectively sets the dynamic 
range of the measurement system [4.7].
The VNA (HP8714c 300kHz-3GHz) has a special function for calibration both for 
reflection and transmission measurements. For transmission measurements as it was the 
case for the channel characterisation a "response" calibration was used. In a response 
calibration the VNA prompts the user to connect a through cable as the calibration 
standard, and then measures it across the bandwidth (l-2GHz) and the number of points 
(1601). This calibration measurement is used to correct systematic frequency response 
errors.
The rigorous approach to calibration is to measure the transfer function of the complete 
system, S2i cai in an anechoic chamber, with the transmit and receive antennas 1.5m 
apart and 1.70m high, so the antennas radiation patterns are taken to account. The 
system was calibrated using to identical lOdBi antennas with 69° and 55° E and H-plane 
3-dB beamwidths, respectively. The calibrated data file is then stored and used to 
normalise the experimental results. It was noted that calibration should also be 
performed at the start of the measurement in each environment by connecting the
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transmitter and receiver through a wavequide section and an attenuator. This has the 
benefit of removing changes in the electronics with temperature and time. In our 
measurements, the system was checked for calibration at the start by having the receiver 
placed at a distance of 1.5m from the transmitter. This was considered adequate and also 
useful by including the antennas. 
At this distance the theoretical received signal level is given by:
PRX= Psw - UpQ, + GTx - FSL + GRx-DoCL + GLNA-CableLos S (4.4)
where: PRX. Received power, dBm 
PSW, swept signal level, dBm 
UpCL, Up-Converter Loss, dB 
GTX , Gain of transmit antenna, dBi 
FSL, Free Space Loss, dB 
GRX , Gain of receive antenna, dBi 
DoCL Down-Converter Loss, dB 
GLNA, Low Noise Amplifier gain, dB 
Cable loss: 50m cable loss between LNA-RF in, port of the VNA, dB
PRX= 9_7+ 10-71.8+ 10-7 + 31 -8 = -33.8dBm
This level is about 6dB lower than that measured inside the chamber and is due to 
connectors and cable losses that were not considered.
4.4.2 Antennas
Two antenna configurations have been used for the measurements. Two standard horns 
had been employed at the transmitter and the receiver at the first configuration. For the 
second configuration the receiver use an omnidirectional antenna. The omnidirectional 
antenna has a gain of 6dBi and an elevation beamwith of 6.5°. This antenna is of similar
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structure to that reported in [4.8]. It consists of two plates supported by a hollow plastic 
cylinder. The top plate has a convape shape towards the base plate, which has a cone 
shape. The standard horn antenna has a gain of lOdBi with 69° and 55° and H-plane 3- 
dB respectively as mentioned in the previous section. A photograph of the 













Figure 4-5: The Omnidirectional antenna.
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Figure 4-6: The calibration signal (SIICAL) measured inside an anechoic 
chamber using lOdBi transmit and receive antennas.
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(b)
Figure 4-7 (a),(b),(c),(d): The Calibration measurement inside the anechoic
chamber.
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Figure 4-8(a),(b): The data acquisition system.
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4.5 Interim Conclusions
In this chapter a versatile channel sounding impulse response measurement system is 
introduced. The sounder uses new hardware around a VNA adopted for this project. 
The swept-frequency channel sounder offers high time and frequency resolution of Ins 
and 625kHz respectively. The capability to resolve the significant multipath 
components encountered in the test environments represents a main advantage of the 
sounder. The high dynamic range (70dB) and constant power offered the possibility of 
avoiding non-linearities in the measurement areas over a 50m range which extent is of 
the order of a Broadband WLAN picocell.
The measurement bandwidth, which determines the resolution of multipath components 
with respect to different delays, can be chosen high enough (IGHz) to resolve 
significant multipath components in an indoor environment as high as Ins. However, 
with the swept-frequency method, increasing the measurement bandwidth, increases the 
time for measuring the transfer function. Thus it was not possible to measure 
consecutive transfer functions of a time-variant channel within the coherence time of the 
channel. As such it was not possible to satisfy the sampling requirements.
Results from the extensive measurement campaigns carried out in this research work 
using the swept-frequency wideband impulse response identification channel sounding 
system are presented in Chapter 6 and 7.
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CHAPTER 5
Wideband Propagation Characteristics and Data Processing
5.1 Introduction
A description of the swept frequency channel sounding technique is presented in 
Chapter 3, and a detailed discussion of the experimental channel sounder is given in 
Chapter 4. The characterising functions presented in Chapter 2 enable a complete 
description of the channel behaviour to be deduced from measured quantities. 
However, it is extremely important to determine exactly what information is required 
from the measurements and its consequent applications.
Essentially, measurements should be capable of providing information pertinent to both 
accurate channel modelling (i.e. simulation), and the implementation of radio systems 
and networks. This chapter contains an appraisal of simulation and system studies, 
followed by a consideration of the relevant channel descriptors and their derivation from 
measured responses.
5.2 Channel Modelling
Channel models are useful not only for evaluating the performance of existing radio 
services, but also for assessing the effectiveness of modulation, coding, equalisation, 
and/or diversity techniques to combat the channel impairments due to multipath. 
Furthermore, comparisons of the usefulness of the various channel descriptors can be
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undertaken, with a view to producing an overall 'figure-of-merit' for wideband multipath
channels that can be used in systems design.
Several models have been proposed for the simulation of narrowband propagation 
channels [5.1,5.2] and, although they differ in terms of their implementation, they all 
essentially produce the same result, namely a Rayleigh fading envelope, a random phase 
modulation and an approximation to the desired power spectrum. Whilst most 
narrowband simulators generate only the fast fading component, some also introduce 
log-normal shadowing to produce a more realistic approximation of the channel. 
Therefore, simulation in the narrowband case is a relatively straightforward procedure, 
and has been used extensively in the assessment of narrowband communication 
systems.
However, the converse is true for wideband channel simulation. Whilst most models 
[5.3-5.5] are derived from the Gaussian Wide-Sense Stationary Uncorrelated Scattering 
(GWSSUS) channel of Bello [5.6], they differ greatly in their complexity and 
controlling assumptions. Consequently, there is a disparity in the simulated channels, 
with some models being more representative of the 'real' channel than others. To 
overcome this drawback, characterising parameters are required that would facilitate the 
attainment of a representative channel simulation which is still relatively simple to 
implement. These parameters, and the manner in which they can be deduced from 
measured quantities, are described in section 5.6.
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5.3 Ray-Tracing theory
5.3.1 General
The indoor radio propagation channel characterisation is complex due to its multipath 
interference behaviour. To achieve reliable indoor links and optimising systems at 
reasonable cost, it is not possible to conduct propagation measurements in every 
building to establish the propagation characteristic. This is because measurements are 
time consuming and relatively expensive. Therefore a propagation model to predict the 
channel characteristics in the indoor environment is necessary. Such a model provides a 
mathematical representation of the characteristics of the channel. After introducing the 
input parameters describing the environment being considered by the model and after a 
certain processing time (time being related to the complexity of the model, the 
algorithm itself, and the performance of the processor) relatively accurate results can be 
provided without exhaustive and expensive measurements campaigns.
5.3.2 Indoor propagation models
At millimetre waves, modelling of wave propagation is usually done on the basis of 
Geometrical Optics (GO), by using ray-theory (either the image or the ray-launching 
approach). Modelling at such high frequency bands poses the problem of accurately 
describing the propagation scenario at the wavelength scale (wavelength is less than 
5mm at frequencies above 62.4GHz).
Radiowave propagation prediction can be obtained by solving Maxwell's equation. 
However computational demands tend to be unrealistically heavy. Alternatively 
statistical and deterministic models have been used to model the propagation
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mechanism. The type of model to be used, when predicting coverage for a given
network deployment, depends on the results sought.
Statistical models make use of measurements results and apply probability distribution 
functions and statistical measures to estimate the statistical properties of the channel. 
They contribute to a summary of comprehensive characterisation of numerous 
environments. In general accurate statistical indoor models rely on extensive measured 
data to determine the appropriate parameters describing a particular type of indoor 
environment. Indoor radiowave statistical models are well documented in the literature 
[5.7-5.8]. The second method is to use site specific propagation models also referred to 
as ray-tracing modelling. This type of model is based on the use of electromagnetic 
theory and geometrical optics to characterise indoor radio propagation.
Radiowave propagation models using ray-tracing techniques have been under 
development for the last decade. Such models use optical geometry to predict the indoor 
propagation mechanism. Deterministic or site specific models do not depend on 
comprehensive measurement campaign in contrast with statistical models. 
Deterministic models are used to predict the characteristics of outdoor and indoor 
channels [5.9]. Such models require detailed description of the environment in terms of 
its geometrical description, presence of surfaces and exact position of the terminals.
Deterministic models are established on the assumption that at high frequency, radio 
waves behave in a ray-like fashion. Two types of ray-tracing methods are reported in 
the literature: the image method [5.10],[5.11],[5.12] and the ray launching method 
[5.13],[5.14],[5.15]. Both techniques may be combined where the multiple-image and 
ray launching concepts are combined to provide a three-dimensional model.
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5.3.2.1 The ray launching method
The ray launching method is often presented in the literature as "brute force" ray-tracing 
technique and is largely documented in the open literature. This technique takes into 
account a bundle of transmitted rays that may or may not reach the receiver. The 
propagation of rays is terminated when the power falls below a pre-set threshold.
The accuracy of the model is dependent on the spatial resolution, which is determined 
by the number of rays employed, and the terminals location. In short this method 
considers a comprehensive search of a ray tree taking into account the decomposition of 
the ray at each planar intersection. Such a model is suitable when the details of the 
geometry are complex, however this method requires more computing power than the 




Figure 5-1: The ray-launching method.
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5.3.2.2 The image method
The image method considers the transmitter or the receiver to be mirrored by the 
reflecting surface. Two and three-dimensional models have been reported in the 
literature. However the majority of the literature presents three-dimensional models 
which are more suitable for indoor environments since reflections from the ceiling and 
the floor contribute significantly when they are not excluded by the antennas radiation 
patterns.
The accuracy of the image model depends on several parameters like the order of 
reflection being considered, the assumption of specular or scattered reflection and the 
electrical properties of the surfaces. The image method based on geometrical optics 
considers rays, which lay in a plane of incidence and are reflected from a surface. The 
plane of incidence is defined in [5.16] as the plane formed by a unit vector normal to the 
reflecting interface and the vector in the direction of incidence.
The image theory is very useful for modelling indoor environments with low interior 
structure complexity such as an empty room or corridor. Figures 5-2,5-3,5-4 show the 
first, second and third order reflections that can be encountered in a typical indoor 
environment.
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Figure 5-3: Diagram of a second order reflected ray.
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Figure 5-4: Diagram of a third order reflected ray. 
5.4 Systems Design
The task of systems engineers is to design communication systems that will operate 
effectively in the presence of multipath, interference, noise, etc. In addition, they need 
to know what can be done to improve the performance of existing systems. Therefore, 
they require channel parameters that relate to error and distortion criteria. Furthermore, 
the communication system has to perform adequately within the majority of its service 
area. Consequently, measures of the global propagation characteristics of the channel 
are also required. Descriptions of the small-scale parameters, their distributions, and 
how they are derived will be presented in section 5.6.1.
University of Glamorsan______________ VR____________.————————June 20°l
Chapter 5__________________Wideband Propagation Characteristics and Data Processine 
5.5 Channel simulation parameters




where r(t) is the low pass channel response of a low pass signal s(t), an(t) is the 
attenuation factor of the signal received on the n th path. Tn is the associated time delay 
for the nth path and finally fc is the carrier frequency of the transmitted signal. In the 
case of a ray-tracing algorithm, r(t) may expressed as
n=0
where A#n(t) is the phase difference between the nth ray with respect to the LOS 
component. Therefore, simulation of the channel merely requires the generation of the 
variables an(t), Tn and A0n(t).
5.5.1 Amplitude and Phase distribution
Due to the limited time resolution of all practical measurement systems, the contribution 
to the echo power profile within a specific time-delay cell is the addition of a large 
number of independent paths, each having a different phase. Consequently, the vector 
addition of these randomly-phased signals produces amplitude fluctuations in each time- 
delay cell of the echo power profile for small spatial displacements. Intuitively, one 
would also expect variations in the echo amplitudes due to large-scale changes in 
location, either as a result of range dependence or differing propagation environments.
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In view of these factors, it seems prudent to envisage the echo-path fluctuations as being
separable into two distinct parts. The fluctuations can then be characterised in terms of 
small and large-scale signal variations in an identical manner to that adopted for 
narrowband propagation studies.
5.6 Channel parameters relevant to systems design
The radio propagation channel has been described as Quasi-Wide-Sense-Stationary 
[5.18]. This is because the channel has been found to possess statistics that are WSS 
over small time and spatial intervals, whilst being highly non-stationary over much 
larger intervals. It is possible to adopt a two-stage characterisation whereby the small- 
scale channel descriptors are evaluated first, followed by averages of these parameters 
to estimate the large-scale channel statistics. In keeping with the discussion in section 
5.4, the small-scale time and frequency-domain parameters will be described first, 
followed by their large-scale distributions.
5.6.1 Small-scale characterisation 
5.6.1.1 Time-domain
The complex equivalent low-pass impulse response of the millimetre indoor radio 
channel in its discrete form may be written as
n Tn ) (53)
n=0
where an,9n, and Tn are the amplitude, the phase and the excess delay of ray n,
respectively.
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The power delay profile is
p(r) ~ \h(t)\ 2 (5.4)
If pulses do not overlap at the receiver then may write
> 2 (r-rn ) (5.5)
In (5.5) b(r) is the baseband pulse shape, which is in our case the inverse Fourier 
transform of the applied frequency window function[5.19].
The mean excess delay r and rms delay spread, <jr , which are the first and second 
central moments of the power delay profile, are two time-domain parameters of 






The delay spread places fundamental limits on the performances of wideband 
transmissions over non-equalised channels [5.20], although caution has to be exercised 
in using this parameter as an accurate indicator of system performance.
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5.6.1.2 Frequency-domain
The frequency-selective behaviour of the channel was shown to be described in terms of 
the autocorrelation function for a WSSUS channel. Therefore, using (5.9),
/?(A/) = \H(f)H * (/ + Af)df (5.9)
R(Af) is known as the Frequency Correlation Function (FCF), and is a measure of the 
magnitude of correlation between two spaced frequencies. The coherence bandwidth, is 
a statistical measure of the range of frequencies over which the FCF can be considered 
"flat" (i.e. a channel passes all spectral components with approximately equal gain and 
linear phase).
In other words, coherence bandwidth is the range of frequencies over which two 
frequency components have a strong potential for amplitude correlation. It is a 
frequency-domain parameter that is useful for assessing the performance of various 
modulation/diversity techniques [5.21]. However, no definitive value of correlation has 
emerged for the specification of coherence bandwidth. Therefore, coherence bandwidths 
for values of correlations coefficient equal to 0.5, 0.7 and 0.9, the most popular values, 
were evaluated from each FCF. These coherence bandwidths are referred to B0 5 . B 0 7 
and B 0.9 respectively and were evaluated using linear interpolation. 
The coherence bandwidth determined by equation (5.9) relies on the complex frequency 
response of the channel. Because the phase changes instantaneously over small 
displacements, the coherence bandwidth is more appropriately referred to as 
instantaneous coherence bandwidth. In general this tends to be significantly smaller
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The small-scale descriptors presented above are essentially measures of the channel 
response at 'single' locations. Clearly, systems engineers must design communication 
systems that will operate satisfactorily in a large variety of geographical locations. 
Hence there is a requirement for measures of the variability in the small-scale channel 
descriptors over the larger area. Specifically, designers need to know for what 
percentage of locations a specific level of performance can be maintained. This suggests 
the need for the cumulative distribution functions [5.22] of each parameter.
5.6.2.2 Regression relationships
Several studies have been undertaken [5.1,5.23] to relate the average bit error rate, for 
transmission over a non-equalised multipath channel, to the small-scale channel 
descriptors. These studies have been carried out for various modulation and/or detection 
techniques. Therefore, the performance bounds of different communication systems can 
be quickly evaluated using the cumulative distribution function of a relevant small-scale 
parameter, in conjunction with its error estimating equation.
However, there may be occasions where a distribution of one parameter is available, 
along with an equation connecting an alternative parameter to the error rate. In
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situations such as this, it is convenient to have an expression, which relates the two
parameters, so that a simple substitution can be made. This is considerably easier than 
having to formulate the cumulative distribution of the alternative parameter. 
Additionally, for this substitution to be accurate there must be a strong interdependence 
between the two parameters. In view of these facts, scatter plots of pairs of small-scale 
descriptors, are produced to show their degree of dependence.
5.7 Windowing
Before transformation of the measured frequency response to the impulse response in 
the time domain, by taking the inverse Fourier transform, the samples are weighted in 
order to suppress undesired sidelobes at the cost of a slightly decreased resolution. 
Windowing in the frequency domain is equivalent to interpolation in the time domain. 
With a rectangular window a resolution of Ins (IGHz Bandwidth) is achieved but due 
to the sidelobe suppression multipath components that are at a level less than -13dB 
below the main ray are ignored. A three term Blackman-Harris window [5.24] provides 
a good compromise between a narrow main-lobe width (1.66 bins) and high sidelope 
suppression of -67dB was utilised. The windowing factor is given by:
= 0.42 - 0.5;tcos 27r- + 0.08*cos
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5.8 Interim conclusions
The characterising functions presented in Chapter 2 enable a complete description of the 
channel behaviour to be deduced from measured quantities. However, it is extremely 
important to determine exactly what information is required from the measurements, 
and what are its applications.
Measurements should be capable of providing information pertinent to both accurate 
channel modelling (i.e. simulation), and the design evaluation of radio services (i.e. 
systems engineering). This chapter outlines an appraisal of simulation and system 
studies, followed by a consideration of the relevant channel descriptors and their 
derivation from measured responses. Definitions of the wideband propagation 
characteristics and methods of experimental data processing are also given.
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CHAPTER 6
Wideband Propagation Measurements of Millimetre-wave Indoor Radio 
Channels with respect to Spatial Variability.
6.1 Introduction
In the previous chapter, the important wideband characteristics and methods of data 
processing both in channel modelling and system design have been treated. In order to 
attain a more detailed insight in the characteristics of practical indoor radio channels at 
mm-metre wave frequencies, an extensive wideband measurement campaign has been 
performed to enable statistically significant conclusions to be derived. Results of this 
research work obtained at 62.4GHz are new and supplement those available in the open 
literature.
Fixed indoor digital radio channels can be subjected to degraded performance arising from 
time delay-dispersion and temporal fading due to movements of people and equipment in 
the area surrounding the radio link. This also gives rise to spatial variability in the received 
signal and additional propagation loss compared to that encountered in free space [6.1], see 
also [7.13]. These factors need to be considered in the design of indoor radio links where 
mitigation of propagation effects requires a detailed knowledge of the radio channels 
parameters. This chapter describes results of wideband propagation measurements carried 
out at a centre frequency of 62.4GHz. The results are used to quantify and characterise the 
spatial variability of channels in indoor environments such as corridors and rooms with and 
without furniture.
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6.2 Channel Measurement Environments
The measurements were made using the swept-frequency wideband channel sounding 
system described in Chapter 4. For noise reduction purposes and to eliminate any time 
variations in the channels, 8 sweeps had been averaged per measurement. The time required 
was 975ms per sweep making measurement time for each frequency response 7.8 seconds. 
In each environment both transmitter and receiver were placed at a height of 1.70m above 
floor level. A total of 890 impulse responses were obtained for these experiments by 
sampling the channels at 60X intervals, where X is the wavelength. The measurement 
environments considered are:
Table 6.1: Measurement Environments
Building 1 Environment A: Bl-A Building 2 Environment D: B2-D
Building 1 Environment B: Bl-B Building 3 Environment E: B3-E
Building 1 Environment C: Bl-C Building 3 Environment F: B3-F
l.Buildinglhas three environments: Environment "Bl-A" (Figure 6.1) consists of a 2nd 
floor corridor, with various types of wall materials. The outer surface of the walls is made 
of three different layers i.e. 1mm metallic sheet, 10mm plasterboard and a thin layer of foil. 
The inner part of the structure is made of a metal pillar. The corridor has windows in 
alcoves, a metallic heating fixture and a number of wooden doors leading off to rooms. The 
sidewalls of the corridor are covered with a thin metallic sheet. The floor is covered with 
vinyl plastic tiles and the ceiling with polystyrene tiles and neon lamps positioned across 
the corridor.
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(a)
Figure 6-1: Typical indoor environment (corridor) from Bl-A. 
(a) Measurement geometry (b) Fixed base transmitter (c) Movable (portable) receiver.
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Environment Bl-B (Figure 6.2) is a corridor with no windows in Building 1 and is located 
on the 3 rd floor in the centre the building. The walls have the same structure as of those in 
Bl-A being mainly metal. The floor and ceiling are also similar with neon lamps being 





Figure 6-2: The corridor from environment Bl-B.
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Figure 6-3(a),(b): Measurement Environment Bl-C.
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Environment Bl-C {Figure 6-3(a),(b)}, i s a 1 st floor corridor with windows and neon 
lamps. The corridor is of similar structure to those in environments Bl-A and Bl-B 
terminated with wooden doors at its two ends.
Figure 6-4: Measurement Environment B2-D.
2.Building 2-.Environment B2-D (Figure 6-4), is a corridor, the floor is carpeted and the 
ceiling covered with polystyrene tiles. Sidewalls (with one constructed of wood) are not 
smooth and contain doors on both sides. This corridor crosses another one forming a T- 
j unction.
3.Building 3: Environment B3-E, is a small room in a relatively new building type, with 
thick walls made of bricks and concrete blocks, the floor is carpeted and the ceiling covered 
with polystyrene tiles. This room contains cubic shaped electric metallic heaters and 
windows together with a metal fire door and two white boards on one of the walls. 
Furniture in the room consist of tables, cupboards and chairs were arranged in order to
simulate an office environment.
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Environment B3-F is identical to B3-E but without the furniture and is shown in Figure 
6-5.
Figure 6-5: The room environment (a) B3-E with furniture (b) B3-F without furniture.
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A typical measured frequency response obtained from the room environment with furniture 
after normalisation to the calibrated signal is shown in Figure 6-6, together with the 
magnitude of the inverse Fourrier transform of the frequency response. The IGHz 
frequency range in the figure and in Figure 6.7 corresponds to 63.4-64.4GHz. The 
frequency selective nature of the channel clearly shows deep fades at certain frequencies. 
The time domain response illustrates clearly see {Figure 6-6(c)},multipath propagation 
causing the frequency selective fading in the radio channel. It worth reporting that an 
exponential decay to the measured power delay profiles has been observed for most of the 
cases. This is in fact is an interesting point to be considered for the development of system 
design planning tools.
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 
Frequency [GHz]
(a)
Figure 6-6: A typical measured transfer function and power delay profile from B3-E.
(a) The magnitude of the frequency response in dB.
(b) The phase in degrees.
(c)The power delay profile.
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In the measurement set-up the transmitter was mounted on a box and left in a fixed position 
at one end for the corridors' propagation measurements. The receiver was moved in steps to 
different fixed locations along the centre line. In room environments the fixed base station 
was located at one corner with the movable (portable) receiver being displaced along a 
static diagonal plane.
Due to the movement of people and equipment indoor propagation channels are in general, 
time varying. As the purpose of these measurements was to investigate the radio channel 
spatial variability, it was essential to maintain the channel stationarity during the 
measurements. The experiments took place during the night to ensure that the channel was 
free of movement by people and equipment. A typical measured frequency response from 
environment Bl-A after normalisation to the calibrated signal with the terminals 37.50m 
apart is shown in Figure 6-7.
1 1 1.2 1.3 1.4 1.5 16 1.7 1.8 1.9 2
(a)
Figure 6-7:(a),(b),(c) A typical measured transfer function and power delay at profile at 
37.50m TX & RX separation from environment "fl/-A". 
(a) The magnitude of the frequency response in dB.
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(c) The power delay profile.
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6.3 Channel Time Dispersion
A measure of the spread of the channel power delay profile is useful since the IS I which 
causes higher bit error rates in a digital system, is related to this parameter. In Rayleigh 
fading channels having WSSUS characteristics [6.2], ISI is related to the rms delay spread 
of the channel. This has been computed from the temporal average of time-variant impulse 
response of a fading channel.
Cox [6.3] and Jakes [6.4] indicated the probability of a relationship between RMS delay 
spread and coherence bandwidth. Chung [6.5], Glance and Greenstein [6.6], Fung, 
Rappaport and Thoma [6.7] reported that depending on the specific channel, interference 
level, and modulation type used, when the rms delay spread of the channel exceeds one- 
tenth of the symbol period, irreducible errors due to the frequency selectivity of the channel 
will occur. The shape of the power delay profile will be a main factor in determining 
performance and equalisation-diversity techniques need to be employed. Based on these 
reports the RMS delay spread of a fading channel should be small if high symbol rates are 
to be transmitted without performance degradation due to ISI [6.8]. In this research work 
RMS delay spreads are computed from single impulse response estimates rather than time 
averages.
Theoretical bounds for relating the probability of error and in turn the maximum data 
transmission rates in non-fading (static) channels to rms delay spread are in general not 
available. However recent work [6.8a] has established upper bounds on typical error 
probabilities of M-DPSK over a Rician fading channel. The authors of this paper have 
incorporated the effects of AWGN, fading bandwidth and fixed Doppler shift. Results
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presented in this paper have demonstrated the importance to reliable system design of 
channel parameter such as the K-factor, fading bandwidth and fixed LOS Doppler shift. 
Other references quoted in the paper deal with fading Rician and Rayleigh channels. 
Other past work is based on empirical results and simulations made by a number of 
researchers in the mobile radio field who related the rms delay spread to the data 
transmission rate [6.5],[6.9]. These relationships have been utilised and adopted here.
As originally defined by Bello [6.2], rms delay spread is estimated from the power delay 
profile, which, by its original definition, is a time average. The reason why this is important 
is that if one goes further to the estimation of BER probabilities and frequency correlation 
functions under GWSSUS conditions, the power delay profile that must be used is the time 
average. If not, results will be inaccurate since BER is by definition a time average.
The primary thing to note is that fading and nonfading results are different. The statistical 
descriptors and their interrelationships only apply to fading channels. These are 
documented in Chapter 2. The others are deterministic, and their interrelationships are 
either different or they are non-existent, hi other words, covariances, rms values and means 
normally apply to randomly changing fading -in space or time- channels. For a channel 
which stays the same tends not to be meaningful. So for this study in order to differentiate 
between instantaneous and time average (movements of terminals or people) results, the 
word "static" will be extensively used. It is as if the channel was non-fading and the 
impulse response stays the same (hence the word static). Static RMS delay spreads give a 
quantitative assessment of the severity of multipath propagation to the nonfading, static
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radio channel and these were measured to allow the comparison of static channel multipath 
structures, and their variation as a function of radio link geometry [6.9],[6.10].
6.3.1 Static RMS Delay Spread Distributions
Cumulative probability distributions functions of the multipath delay spread for four areas 
(corridors) using a transmit to receive horn antenna configuration are shown in Figure 6.2. 
In environment Bl-A with the horn-horn antennas corresponding to the corridor with 
windows had a median of 32ns, a maximum value of 63ns and 18ns standard deviation. 
When using horn-omni antennas environment Bl-A had a median of 37ns, maximum 
delay spread of 68ns and 19ns standard deviation. Environment Bl-B had a median of 
32ns, maximum delay spread of 66ns and 19ns standard deviation. Although these 
environments are broadly similar in structure and layout but different in shape and window 
content, the delay spread values are very close. It can be observed that for the 90th 
percentile of static delay spreads for all locations, values were below 62ns.The maximum 
static delay spread did not exceed 70ns in all cases investigated. The values of the RMS 
delay spread has included rays whose power levels are relatively small due to the high 
dynamic range of the sounder. This may have contributed to the rms delay spread values 
given above being overestimated.
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Figure 6-8: Cumulative Distributions functions for static RMS delay spread
in corridors using a Horn-Horn antenna configuration. 
(Bl-A-Curve A); (Bl-B-Curve B); (Bl-C-Curve C); (Bl-D-Curve D).
20 40 60
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Figure 6-9: Cumulative Distributions functions for static RMS delay spread
in corridors using a Horn-Omni antenna configuration. 
(JW-A-Curve A); (Bl-B-Curve B); (Bl-C-Curve C); (Bl-D-Curve D).
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The statistics of the static delay spread with the two antennas configurations are shown in 
Table 6-2 & 6-3.
Table 6.2: Statistics of Static delay spread for Horn-Horn antenna configuration (value 
rounded to nearest ns).
Environment Number Description 
of Locations
L W H
Max. RMS Mean RMS Median RMS Standard 
delay Spread delay Spread delay Spread Deviation





























Table 6.3: Statistics of Static delay spread for Horn-Omni antenna configuration.
Environment Number
of Locations
Description Max. RMS Mean RMS Median RMS Standard
delay Spread delay Spread delay Spread Deviation
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In environments B3-E and B3-F (horn-omni antennas), representing a room, the layout and 
presence of furniture (Figure 6.10) were not observed to influence significantly the delay 
spread values and these have the same standard deviation of 6ns. This may be due to the 
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Figure 6-10: Cumulative Distributions functions for static RMS delay spread in the room 
using a Horn-Omnidirectional antenna configuration, 
(a) B3-E (curve E) with furniture and (b) B3-F (curve F) without furniture.
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6.3.2 Dependence of static RMS delay spread on transmitter-receiver antenna 
separations and relative received power.
Of interest to researchers are the correlations of static delay spread with transmit/receive 
ranges and received power [6.11],[6.12],[6.13]. In Figure 6-11 from environment Bl-A a 
correlation is observed with the static delay spread increasing monotonically with increased 
base-portable receiver antennas separation [6.14]. A least-squares linear regression [6.15] 
line has been used to model the correlation coefficient between the rms delay spread and 
range descriptors being 0.9981, which is acknowledged to be rather high.
Scatter plots of static delay spread versus average received power is shown in Figure 6-12. 
The regression lines through the received power(relative to the level at starting position) 
and static delay spread were computed using a 2nd order polynomial fit. The scatter is fairly 
similar for all the cases. It can be clearly seen that whenever the received signal level is 
small the delay spread values are increased and vice-versa [6.16]. It is true for both antenna 
configurations. This observation is important for choosing a diversity technique to 
compensate for multipath dispersion. Similar observations as above can be made also for 
results from the measurement environment Bl-B (Figures 6-13 & 6-14) and also the room 
environment with and without furniture (Figure 6-15 & 6-16). It can be observed also that 
the important indoor radio channel characteristics are determined by the fixed structure of 
the environments.
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Figure 6-11: Static RMS delay spread versus transmit and receive antenna separation. 
(Bl-A) (a) Horn-Horn (b) Horn-Omni antenna configurations.
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Figure 6-12. Scatter plot of static RMS delay spread versus relative received power. 
(Bl-A) using (a) Horn-Horn (b) Horn-Omni antenna configuration.
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Figure 6-13. Static RMS delay spread versus transmit and receive antenna separation. 
(Bl-B) (a) Horn-Horn (b) Horn-Omni antenna configurations.
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Figure 6-14. Scatter plot of static RMS delay spread versus relative received power 
(Bl-B) using (a) Horn-Horn (b) Horn-Omni antenna configuration.
Vniv ifGIa June 2001
Chapter 6___Wideband Provocation Measurements of Millimetre-wave Indoor Radio Channels with 














4 6 8 10 
Distance from the base station [m]
(a)
12
4 6 8 10 
Distance from the base station [m]
(b)
12
Figure 6-15 (a),(b). Static RMS delay spread versus transmit and receive antenna 
separation. (B3-E & B3-F) with Horn-Omni antenna configuration.
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Figure 6-16 (a),(b). Scatter plots of static RMS delay spread versus relative received
power using the Horn-Omni antenna configuration (B3-E & B3-F).
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6.4 Interpretation of the results relevant to Systems Design
Measurements had been undertaken in various environments of a University campus. It was 
of interest to examine the behaviour of the mm-wave radio link in corridors and rooms. An 
important observation can be identified from Figure 6-1 l(b) and Figure 6-15(b). With 10m 
transmit-receive modules antenna separation in both environments using the same antenna 
configuration the delay spread values are very close to a value 15ns. This observation is 
important in picocell design. Limiting the range of the picocell and combining it with the 
potential frequency re-use capability of the 60GHz band allows higher data transmission 
rates to be achieved. Based on results obtained in the environments investigated a function 
relating the delay spread (aT) with distance (d) can be modelled as shown in equation (6.1). 
This function is proposed for use in radio system design at 60GHz.
(6-1)
where: <JT is the RMS delay spread in ns.
and d is the distance in the range 1.5<d<50m.
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The relation between the static delay spread (<jr) and the relative received power (aR) 
shown for example in Figure 6-14 (b)-Environment Bl-B with a horn-omni antenna 
configuration has been modelled. The function can be modelled as a parabola of the form,
y =a { jc+a2 x + a 3 (6.2) 
and its coefficients are determined by least-square sense as in 6.3,
y =0.042jc 2 - 1.037.x-2.014 (6.3)
where y=((TT) is the RMS delay spread in ns.
x=(ajt) is the relative received power ratio in dB.
Similarly way from the room environment B3-E shown in Figure 6-16(a) the relationship 
has been found to be
y = 0.07 Lt2 +0.273jt + 1.191 (6.4)
The value of these modelled relationships lies in the ability to predict the RMS delay spread 
as a function of the mean received signal level. The two equations have different 
coefficients for the two environments considered. Further consideration of the applicability 
of these models is necessary especially in the manner in which radio path geometry relates 
to the coefficients.
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As explained in section 6.3 and accounting for Rician time-invariant channels equation 
(6.2) reported by Chung [6.5] is used to give an estimation of the minimum useable 
transmission rate when no multipath countermeasures are utilised.
The level at which delay spread values limit transmission data rates can be determined from 
the normalised delay spread "d". As a "rule of thumb" an irreducible BER of 10~3 results 
from a normalised rms delay spread of 0. 1 . In our case based on the maximum delay spread 
obtained in a 41m long narrow corridor of 68ns, the minimum transmission data rate (/?max) 
is only 1.47 Mb/s. For the 12.80m room environment with furniture and maximum delay 
spread a? of 20ns, /?max is 5 Mb/s. Table 6.4 lists the minimum data rate for the tested
environments.
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The above estimates are based on the RMS delay spreads, which may have been 
overestimated because of the use of the whole dynamic range of the channel sounder. It has 
been argued that higher data transmission rates can be achieved if differential modulation 
schemes are employed.
6.5 Interim Conclusions
Results of 62.4GHz wideband propagation measurements carried out in six fixed millimetre 
wave indoor radio links to measure static delay spreads and received signal level in a 
University campus buildings are presented. An exponential decay to the measured power 
delay profiles had being observed for most of the cases. This is in fact is an interesting 
point to considered for the development of system design planning tools. Using two 
antenna configurations for the movable (portable) receiver has shown that values of delay 
spreads are remarkably similar. It can also be concluded that using a directional antenna or 
an omidirectional antenna at the receiver offers little advantage in reducing multipath 
dispersion. Uniformity of delay spread performance was observed for all the cases 
investigated.
Correlation is observed between the static delay spread and the with base-portable receiver 
antennas separation. This was observed for both antenna configurations and in all 
environments with the delay spread increasing almost linearly with the distance between 
the transmit and receive modules. This enabled a model to be formulated, which may be
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used in picocell planning. Limiting the size of the picocell can restrict the RMS delay 
spread, which in turn permits higher data transmission rates to be achieved.
For low values of the received signal level the delay spread values are relatively high and 
vice-versa. It is recommended that a diversity technique with some form of equalisation 
will reduce delay spreads values allowing higher data transmission rates to be feasible.
No significant differences in the static RMS delay spread values were observed for the two 
antenna configurations. The 90th percentile of static delay spreads for all locations values 
stayed below 62ns with maximum static delay spread not exceeding 70ns for all 
environments. It has been observed that important indoor radio channel characteristics are 
determined by the principal fixed structure of the environments and do not depend 
significantly on transient details like furniture and room fixtures.
The level at which delay spread values limit maximum transmission data rates can be 
determined from the normalised delay spread. As a "rule of thumb" an irreducible BER of 
10 3 results from a normalised rms delay spread of 0.1. Based on the maximum delay 
spread obtained in a 41m long narrow corridor, of 60.00ns the maximum transmission data 
rate is estimated at 1.47 Mb/s. For the 12.80m room environment with maximum delay 
spread of 20.00ns this is estimated at 5 Mb/s.
Future research is required to determine the relationship between static delay spread and 
digital system error performance under Rician non-fading conditions. Results presented in 
this chapter indicate that the transmit and receive antennas separation is a critical factor
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affecting the static delay spread and influencing the data error performance of digital links
at mm-wave frequencies.
These results impact on system implementation, and have direct application in the design
and planning of indoor broadband WLAN's at the 60GHz millimetre wave band.
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CHAPTER 7
Coherence Bandwidth and Temporal Variability Measurements of the
Indoor Wireless Millimetre-wave Radio Channel
7.1 Coherence Bandwidth 
7.1.1 Introduction
Detailed knowledge of radio propagation inside buildings is essential in the successful 
implementation of wireless local area networks. Statistical distributions of 62.4GHz 
wideband propagation measurements undertaken in two different indoor radio channels to 
measure frequency correlation functions are presented. For time varying fading channels, 
one of the key performance indicators is the knowledge of coherence bandwidth during 
fading in different spectral regions over the proposed transmission bandwidth [7.1]. If the 
coherence bandwidth of the channel is less than the required transmission bandwidth 
channel protection techniques, such as coding, diversity or equalisation need to be 
employed [1.2].
This section presents statistical distributions of coherence bandwidths from 62.4GHz 
wideband channel sounding measurements made in two indoor environments of a 
University building. Results from these types of experiments are intended for use in the 
design of fixed high-speed indoor radio systems. It noted that coherence bandwidth
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measurements had been performed with no motion of the channel. 
7.1.2 Measurement Environments
The heart of the channel impulse response measurement identification system is a Vector 
Network Analyser presented in Chapter 4. Frequency response results were obtained for 
two indoor LOS channels every 60A, sampling intervals. The first test environment 
comprises a corridor (4LOO* 1.91*2.68m), located at the 2nd floor corridor of a 4-storey 
building. The outer surface of the walls is made of three different layers i.e. 1mm metallic 
sheet, 10mm plasterboard and a thin layer of foil. The corridor has windows in alcoves, a 
metal heater and a number of wooden doors leading off and plasterboard sidewalls covered 
with a thin metal sheet. The floor is covered with vinyl plastic tiles and the ceiling with 
polystyrene tiles and neon lamps positioned across the corridor.
The second environment (12.80* 6.92*2.60m), is a room with thick walls made of bricks 
and concrete blocks, with floor carpeted and ceiling made of polystyrene tiles. Cubic 
electric metallic heaters and windows in cells, a metal fire door with two white boards are 
present. The tables and chairs were arranged in order to simulate an office environment. 
Two measurement links were set up with the room empty and the other with furniture. In 
the corridor the transmitter was mounted on a box and left stationary at one end of the 
room. The receiver was moved to different locations along the centre line. In the room the 
fixed base was located at one corner with the receiver moved along the diagonal plane.
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7.1.3 Measurement Analysis
The degradation of the frequency correlation functions at 18.09m and 37.80m of transmit 
and receive terminal separation with respect to the probe signal (1.50m) can be observed in 
Figure 7-1. Rapid decrease of the frequency correlation function with respect to the 
frequency separation and also as the receiver moves away from the base station can be 
observed. This allows the estimation of the coherence bandwidth at which the frequency 
correlation envelopes decrease to a level of 50%. In some cases in high correlated Rician 
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Figure 7-1: Frequency Correlation functions for the corridor (Horn-Horn), 
(a) Probe (1.50m) (b) 18.09m (c) 37.80m.
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Statistics of the coherence bandwidth function for 0.5, 0.7 and 0.9 correlation level for the 
two environments are shown in Tables 7.1 & 7.2. In the corridor using the horn-omni 
antenna configuration B c was observed to have a mean of 14.09MHz, minimum coherence 
bandwidth of 1.28MHz and 15.97 MHz standard deviation. Using a horn to horn antenna a 
mean coherence bandwidth of 11.53MHz, with the minimum being 1.10MHz and 
16.39MHz standard deviation. Figure 7-2 shows the CDF for 0.9 correlation level for the 
corridor with both antenna configurations. For 90% of time the 60.9 is below 38MHz.
Table 7.1: Statistics of the instantaneous coherence bandwidth function for 0.5, 0.7 and 0.9 
correlation level for the corridor (Horn-Horn).

















7.1.3.1 Coherence bandwidth versus range
The coherence bandwidth function for 0.9 correlation level as a function of the receiver 
position for the corridor with both antennas configurations are given in Figure 7-3 and 7-4. 
It can be observed that the coherence bandwidth is highly variable with the location of the
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receiver with respect to the base station [7.4].
Table 7.2: Statistics of the instantaneous coherence bandwidth function for 0.9 correlation 
level for the corridor and the room (Horn-Omni).
Coherence Bandwidth, at B0.9 correlation level, MHz
Min Max S/D Mean 90 %
Corridor: Horn-Horn 1.28 84.51 15.97 14.09 
Horn-Omni 1.10 105.33 16.39 11.53
Room: Furniture 
Empty
5.82 75.59 21.49 31.31
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Figure 7-2: Cumulative Distributions functions of the coherence bandwidth function 
of 0.9 correlation level in the corridor. (H-H) Horn-Horn,
(H-O) Horn- Omni
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Figure 7-3: Coherence bandwidth function for 0.9 correlation level as a 
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Figure 7-4: Coherence bandwidth function for 0.9 correlation level as a 
function of receiver position for the corridor (Horn-Omni).
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In order to investigate the reasons for the fluctuations of the values of the coherence 
bandwidths, magnitude curves of the complex frequency responses are shown. Figure 7-5 
represents the channel frequency response for the case where the coherence bandwidth is 
84.51MHz. The IGHz frequency range shown in Figures 7-5 & 7-6 corresponds to 63.4- 
64.4GHz. This is the dominant peak value that appears in Figure 7-3 at a distance of 8.40m. 
Figure 7-5(a) clearly shows that the channel frequency response is relatively flat suffering 
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Figure 7-5: Measured transfer functions for two subsequent data samples 
(a) 8.40m and (b) 8.70m Transmit-Receive antenna separation
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Secondly we have investigated the significant drop in the coherence bandwidth value which 
is 9.93MHz at a distance of 8.70m. Figure 7-5(b) shows the magnitude response in this case 
which shows significant frequency selectivity of the channel, resulting in deep fades at 
certain frequencies even when the receiver was moved by only 30cm. The presence of this 
frequency selectivity explains the relatively small value of the coherence bandwidth. Both 
of these cases have shown that the millimetre wave radio indoor channel is considerably 
affected by multipart!.
1 1.1 1.2 1.3 1.4 15 1.6 1-7 1.8 1.9 2
Figure 7-6: Magnitude of the channel frequency response.
(a) 14.10m and (b) 14.40m Transmit-Receive antenna separation
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Similar behaviour of the millimetre radio channel can be deduced also from Figure 7-6. The 
graph represents the next dominant peak from Figure 7-3 when the coherence bandwidth 
value of 77.39MHz drops to 5.95 MHz at distances 14.10m and 14.40m respectively. Here 
again it can be observed that a high coherence bandwidth value correlates well with 
absence of frequency selective fading with the converse being true. The highly fluctuating 
coherence bandwidth, means that the system designer can only rely on the lower values of 
this parameter in such environment. From Figure 7-3 and Figure 7-4 is about 5MHz.
7.1.3.2 Coherence bandwidth versus RMS delay spread
Scatter plots of the RMS delay spread versus coherence bandwidth are shown in Figure 7-7. 
It can be observed that for delay spread values up to 20ns the coherence bandwidth is 
relatively high as expected. The most interesting observation is that delay spread values 
varying between 20-70ns the coherence bandwidth for most of the time stays below 
10MHz. This is an important observation if we go back to the delay spread values reported 
for the room environment of about 13m long where the maximum delay spread value is 
also about 20ns. In system design terms this suggests that relatively high transmission rates 
can be achieved in such environments without the need for sophisticated multipath 
countermeasures techniques. Considering the potential frequency-reuse capability of the 
60GHz band, a corridor environment with a delay spread of around 70ns can be planned as 
3 picocells operated in accordance with an appropriately chosen channel assignment 
technique. Such a proposed picocell planning can overcome the problems arising out of
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Figure 7-7: Coherence bandwidth versus RMS Delay spread. (Horn-Horn). 
(Same environment and data with axis interchange).
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Figure 7-8: Coherence bandwidth versus RMS Delay spread (Hom-Omm).
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Further work is aimed at measuring BER and maximum data transmission rate in such 
picocell structures is recommended. Figure 7-8 shows results obtained for a horn- 
omnidirectional antenna configuration. The Figure clearly shows the necessity for limiting 
the extent of the picocell if higher values of coherence bandwidth are desired. No 
significant differences in the coherence bandwidth values were observed for the two 
antennas configurations. At a 37.80m separation between the transmit and receive modules 
the coherence bandwidth values are estimated at 105.22MHz, 27.97MHz and 1.28MHz for 
correlation levels 60.5, Bo.7 and 60.9 respectively.
The degradation of the frequency correlation functions for cases of 5.00m and 10.0m of 
transmit and receive terminal separation with respect to the probe signal (1.50m) can be 






Figure 7-9: Frequency Correlation functions for the room with furniture, 
(a) Probe (1.50m) (b) 5.00m (c) 10.00m
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Figure 7-10 shows the cumulative distribution functions for 0.9 correlation level for the 
room with and without furniture using the horn-omni antenna configuration. The layout of 
the furniture did not appear to influence significantly the frequency correlation values. For 
90% of time the B0 . 9 is below 62.78MHz (with furmiture) and 72MHz (without furniture).
0 10 20 30 40 50 60 70 80 90 100 
Coherence Bandwidth [MHz]
Figure 7-10: Cumulative Distributions functions of the coherence bandwidth 
function for 0.9 correlation level in the lecture room. 
Curve E (B3-E) without furniture, Curve F (B3-F) with furniture.
From Figure 7-ll(a)(b) and as in the corridor case, it can be observed that the coherence 
bandwidth varies significantly with the location of the receiver with respect to the base 
station. This is true with and without furniture.
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Figure 7-ll(a),(b). Coherence bandwidth function for 0.9 correlation level as a function of 
receiver position for the room, (a) B3-E (b) B3-F.
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7.2 Temporal Variability Measurements
7.2.1 Introduction
Measurements and modelling of indoor propagation channels have been reported by many 
investigators. These reports are mainly based on characterisation of the channel spatial 
variability. Continuous Wave (CW) measurement and modelling results on temporal 
variations of the indoor radio channel are reported in [7.5,7.6,7.7]. Effects of traffic on 
RMS delay spread and multipart! received power at 910 MHz are reported in [7.8] and 
temporal analysis results on Multiple-Input Multiple-Output (MEMO) channel 
measurements at 5.2GHz are given in [7.9,7.10].
In indoor channels using millimetre waves, temporal variations due to movement of 
personnel and radio link equipment in the environment within which the link is operating 
have important effects on channel characteristics and its wideband performance. These will 
be in addition to multipath effects arising from reflections and scattering by walls, ceiling, 
furniture and fixtures.
In order to investigate the effects of movement on wideband characteristics and their fading 
statistics in two indoor channels propagation measurements at 62.4GHz were performed. 
This part of Chapter 7 describes these measurements and discusses the effects of temporal 
fading on the Rician K-Factor and RMS delay spread. The experiments were performed 
with the aim of isolating the spatial characteristics and in order to examine only the 
influence of the movements of people in the propagation channel.
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As stated in Chapter 4 the relatively long time that is required for an impulse response to be 
measured for a channel using the frequency sounder the channel excludes the ability to 
capture real time short variations within the coherence time, estimated for the channel at 
6.41ms. The series of measurements reported here were obtained at intervals of 795ms 
each. This being longer than the channel coherence time means that sampling theorem 
requirements could not be satisfied.
7.2.2 Measurement Environments
The first environment under evaluation was at undergraduate laboratory at the School of 
Electronics in the University. The environment is situated on the third floor of a four-storey 
building. The transmitter was elevated at 2.00m above floor level and the portable receiver 
was placed at a height of 1.50m (desktop position) (Figure.7-12(a) and (b)}.
lune2001
Chapter 7 Coherence Bandwidth and Temporal Variability Mea Wirele
Millimetre-wave Radio Channel
Figure 7-12: Photographs of the test environment.
(a) The fixed base transmitter
(b) The portable receiver at the corner.
Windows in frames appear at two of the sidewalls with some vertical blinds. The floor is 
covered with vinyl plastic tiles and the ceiling with polystyrene tiles and with 25 neon 
lamps positioned across the ceiling. Typical laboratory equipment on wooden benches such 
as oscilloscopes, voltmeters, power supplies and a number of personal computers 
complements the test venue. The laboratory occupies an area of 18.10xl2.40x2.65m. 
In the test environment the fixed base station was located at one corner with the portable 
receiver being located along a diagonal plane. A cabinet and a number of metallic pillars 
were blocking the LOS path. Experimental measurements were conducted with the 
wideband channel sounder used also for the spatial variability measurements. The standard
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horn antenna was employed at the fixed base with the omnidirectional employed at the 
portable receiver. A number of about 30 people were present walking randomly between 
the transmit and receive units. A total of 80 impulse responses were obtained for these 
experiments with sampling interval every one minute.
7.2.3 Temporal Fading Statistics 
7.2.3.1 Rician K-Factor
The Rician K Factor is the ratio of the power of the dominant LOS path to that in the 
multipath signals and is defined as [7.11]. The value of this factor is a key parameter for 
high data rate applications and can give a qualitative correlation with digital system error 
performance [7.12] [7.13]. For this study the K-factor was estimated form single Impulse 
Response Estimates (IRE). Estimation of the K-factor makes use of the whole dynamic 
range of the system after windowing. By limiting the dynamic range through raising the 
threshold level, higher K-factor values will result.
The mean, standard deviation, minimum and maximum value for the K-Factor are -5.5dB, - 
1.83 dB, -11.26dB and -2.92dB respectively for the laboratory. For 90% of time the K- 
Factor is below -4.2dB. The low values of the K-factor may be explained by the fact that 
the LOS was obstructed by a number of metal pillars and cabinets. The CDF of the K- 
Factor is shown in Figure 7-13. According to [7.14-7-15] the probability of error can be
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calculated by averaging a non-fading link over the appropriate distribution for the signal to 
noise ratio (S/N) in a fading environment.
o
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Rician K-Factor [dB]
Figure 7-13: Cumulative Distributions function of the Rician K-factor.
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The second test environment is a lecture room in a relatively new building type, the 
outer surface of the walls is made of three different layers i.e. 1mm metallic sheet, 
10mm plasterboard and a thin layer of foil. The inner part of the structure is made of 
metalic pillar. The floor is carpeted and ceiling covered with polystyrene tiles. This 
room contains cubic electric metallic heaters and windows in one sidewall, together 
with three wooden fire doors and two white boards are present. Tables and chairs were 
arranged in order to simulate an office environment. It occupies an area of 
11.45xl0.70x2.60m.
For all three sets of data measurements, the transmitter and receiver were set at 10m
apart. The base station antenna was located at a height of 2.1m above the floor level.
The "portable unit" was set at 1.5m above floor level (desktop position). Both transmit
and receive modules were positioned in a fixed diagonal plane.
Three controlled scenarios simulating possible RLAN environment were used. These
are:
/. A person "shaking" and "wiggling" manually the " portable" receiver from its 
base. (Figure 7-14)
2. Two persons walking in between the propagation channel {Figure 7-15(a)(b)}.
3. Two persons walking around the "portable " receiver.
Each measurement recording corresponds to 240s of the channel temporal variations. 
During each 240s care was taken to have continuous motion of a similar kind. This 
meant that if two people moved around the "portable" receiver unit they continued to do
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so throughout the whole 240s. During each 4min recordings care was also taken to 
eliminate or minimise all other unplanned motion in the environment. To satisfy this 
latter requirement measurements were carried out at night. A total of 22 multipath 
temporal fading profiles were obtained for the three sets of experiments. A static 
measurement was taken with the test environment free of any temporal variability, as a 
reference. The delay spread value for this measurement is 18ns.
Figure 7-14: A person "shaking" and "wiggling" manually the " portable- 
receiver from its base.
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Figure 7-15(a),(b):Two persons walking in between the propagation channel.
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Figure 7-16, shows the RMS delay spread variation versus time for scenario 1. The 
RMS delay spread varied about 4.14ns as a person shaked and wiggled manually the 
"portable" receiver from its base. Figure 7-17(a),(b) shows the RMS delay spread, 
variation versus time for scenarios 2 and 3. Temporal fading variations appears to be 
similar with these of scenario 1.
0 50 200100 150 
Time [sec] 
Figure 7-16: RMS delay spread variation versus time for scenario 1.
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Figure 7-17(a),(b): RMS delay spread variation versus time for scenario 2 and 3.
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7.3 Interim Conclusions
This chapter reports statistical distributions of coherence bandwidths estimated from 
measured spaced-frequency correlation functions from 62.4GHz wideband channel 
sounding measurements made in two indoor environments of a University building. The 
90th percentile of the correlation bandwidth at 0.9 correlation level of for the corridor 
values stays below 38MHz. Minimum and maximum B 0.9 correlation bandwidths 
obtained in a long narrow corridor with a directional horn transmit and an 
omnidirectional receive antenna is 1.10MHz and 105.33MHz respectively. No 
significant differences in the coherence bandwidth values were observed for the two 
antennas configurations.
It has been observed that the correlation bandwidth is highly variable with the location 
of the receiver with respect to the base station. A concentration of the delay spread 
values occur when the coherence bandwidth is below 10MHz. This is an important 
observation considering the results in Chapter 6. The delay spread values reported for a 
room of about 13m long show maximum delay spread value of about 20ns. In system 
design terms this means that high transmission rates can be achieved in environments of 
similar extent without the need for sophisticated multipath countermeasures techniques.
The layout of the furniture did not influence significantly the frequency correlation 
values. For 90% of time the B0 . 9 is below 72MHz for the room environment. It has 
being observed as in the corridor, that the coherence bandwidth fluctuates significantly
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with the displacement of the receiver with respect to the base station. This is true with 
and without furniture.
Further results of 62.4GHz wideband propagation measurements on two fixed 
millimetre wave indoor radio links under temporal fading conditions to measure 
coherence bandwidth, RMS delay spread and the Rician K-factor in a University 
laboratory building are presented. Measurements could not be obtained within the 
coherence time of the channels. K-Factor values varied between -11.26dB and -2.00dB, 
staying below -4.2dB for 90% of the time. The low values of the K-factor are due to 
obstruction of the LOS path by a number of metallic pilars in the room.
Temporal variations of the RMS delay spread was less than 5ns for all scenarios. From 
this it can be concluded that time variations are significant relative to the static delay 
spread of 18ns and so can have considerable effect on the radio characteristics. The 
results presented in this chapter are useful in the design of fixed Broadband future 
Wireless LAN's. They form experimentally verified data for the development of 
wideband theoretical models capable of predicting channel temporal variability 
characteristics under a variety of realistic conditions. However because responses could 
not be measured within the coherence time, some care should be exercised and further 
work is recommended to enable channel performance measurements under such 
conditions.
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CHAPTER 8
Summary, Conclusions and Further Work
The transmission capacity required for broadband wireless LANs can only be 
accommodated in the millimetre-wave frequency band from about 20GHz to 65GHz. 
The mm-wave bands are of special interest for indoor applications because of the 
potential for frequency reuse. The severe attenuation of most inner walls, at these 
frequencies, makes the relationship between the picocells and the physical layout of the 
indoor environment to be more easily determined.
In Chapter 2, the propagation characteristics expected to occur in a typical, thus 
multipath-reflective, indoor environment are treated, analytically. It is shown that the 
mm-wave indoor radio channel can be considered as a discrete multipath channel that 
might be highly frequency selective for the high symbol rates of interest (155Mb/s). It 
is indicated that considerable performance gain can be achieved by exploiting different 
diversity techniques associated with the frequency selective nature of the channel.
The first part of Chapter 2 treats the propagation characteristics expected to occur in a 
typical reflective indoor environment. Next, digital transmission over mm-wave 
channels is discussed, including some performance improvement methods and the 
suitability of some figures-of-merit that are commonly used to quantify transmission 
performance. It contains a complete characterisation of a general class of randomly 
time-variant linear channels.
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In order to assess important parameters e.g. the feasible diversity gain, as required for
the development, design and network planning of wireless LANs, it is essential to 
provide accurate information about the characteristics of mm-wave indoor radio 
channels. Since we consider a wireless LAN in which the transceivers are fixed during 
operation, it is of interest to consider the spatial variability of various environments and 
the separation between the transceivers involved. Temporal fading variations (controlled 
and random) due to movements of people and equipment surrounding the specific radio 
link is also worthy of examination.
Chapter 3 reviews the various methods of channel sounding. Both narrowband and 
wideband techniques are discussed, and the advantages and disadvantages of each 
method are highlighted. Reasons for selecting the swept-frequency method in 
preference to all others are presented.
In Chapter 4, a versatile channel sounding impulse response identification system using 
new hardware designed and used for this research work is described. The swept- 
frequency channel sounder offers high time and frequency resolution of Ins and 625kHz 
respectively. The high dynamic range (70dB) and constant power enable non-linearities 
to be overcome in measurement areas lying with the coverage range of the order of a 
picocell.
Chapter 5 addresses the wideband propagation characteristics and methods of 
processing the experimental data used in a number of indoor environments. This chapter 
treats issues, both pertinent to channel modelling and system design.
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Chapter 6 presents and analyses results of channel spatial variability measurements
performed to obtain a set of impulse responses sufficient to derive statistically 
significant conclusions. It is shown that the aliasing-free range in the time domain of 
about 350ns is sufficient for reliable channel characterisation. An exponential decay to 
the measured power delay profiles had being observed for most of the cases. This is in 
fact is an interesting point to considered for the development of system design planning 
tools. Typical rms delay spread values range up to a maximum of 20ns for rooms with 
and without furniture and up to 70ns for corridors. With each type of environments, 
similarity of delay spread behaviour was observed for all the cases investigated.
Correlation is observed between static delay spread and base-portable receiver antennas 
separation. The relationship can be modelled almost linearly. From this it can be 
concluded that reducing the cell size, lead to reduce delay spreads values, allowing 
higher data transmission rates to be achieved. For a given value of RMS delay spread 
there is quite a spread on the levels of rays received. However it is generally observed 
that low values of received signal levels correlated well with high values of delay spread 
and vice-versa.
The level at which delay spread values limit maximum transmission data rates can be 
determined from the normalised delay spread. As a "rule of thumb" an irreducible BER 
of 10"3 results from a normalised rms delay spread of 0.1. Based on the maximum delay 
spread obtained in a 41m long narrow corridor, of 68ns the minimum transmission data 
rate is estimated at only 1.47 Mb/s. For the 12.80m room environment with maximum 
delay spread of 20ns the data rate is 5Mb/s. For achieving higher data transmissions 
rates, channel protection countermeasures such as diversity, equalisation, modulation or 
channel coding techniques needs to be employed. However limiting the extent of a
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picocell size and utilising the potential capability of frequency re-use at 62.4GHz can
result in the deployment of a radio network without the need for countermeasures. 
Further work is recommended here.
No significant differences in the static RMS delay spread values were observed for the 
two antenna configurations. The 90th percentile of static delay spreads for all locations 
values stayed below 62ns with maximum static delay spread not exceeding 70ns for all 
environments. It has been observed that important indoor radio channel characteristics 
are determined by the more permanent structure features of the environments and do not 
depend significantly on transient factors like furniture and room fixtures.
Chapter 7 describes the wideband mm-wave channel measurements carried out in two 
different indoor areas to characterise the instantaneous coherence bandwidth (under 
static conditions) and time (temporal) variability. The 90th percentile of the coherence 
bandwidth at 0.9 correlation level of for the corridor values stays below 38MHz. 
Minimum and maximum B 0.9 coherence bandwidths obtained in a long narrow corridor 
with a directional horn transmit and an omnidirectional receive antenna is 1.10MHz and 
105.33MHz respectively. No significant differences in the coherence bandwidth values 
had been observed for the two antennas configurations.
The layout of the furniture appears not influence significantly the frequency correlation 
values. For 90% of time the B0.9 is below 72MHz for the empty room environment. It 
has been observed as in the corridor, that the coherence bandwidth fluctuates 
significantly with the location of the receiver with respect to the base station. This is 
true with and without furniture. Reasons for the fluctuations are shown to be due to the
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absence or presence of frequency selective fading in the channel response which vary
significantly with small displacements in the position of the receiver.
It has also been observed that the correlation bandwidth is highly variable with the 
location of the receiver with respect to the base station. A concentration of the delay 
spread values occurred around the region in which the coherence bandwidth is below 
10MHz. This observation in fact shows that for high user mobility envisaged for the 
Mobile Broadband Systems, it would be a real challenge to achieve data rates of the 
order of 155Mb/s. Temporal fading variations scenarios were implemented to 
characterise the influence of temporal variability in the wideband statistics. Results are 
useful in indicating the significance effects of temporal variability, but because 
measurements could not be performed within the coherence time, these results can not 
be considered conclusive.
The main emphasis of this research work has been to extract and identify from extensive 
high resolution wideband propagation measurements, the necessary design 
characteristics for the development of realistic radio planning models based on spatial 
and temporal variability scenarios. This goal has been largely achieved and future work 
is recommended in the following directions:
• Performance evaluation using mm-wave indoor radio channels to include data 
transmission and BER rate measurements. This evaluation can be directly based on 
measurement results obtained. The application of various diversity, equalisation, 
modulation and coding techniques for wideband multipath channels represents a 
challenging area for future research.
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• Deterministic modelling using ray-tracing of mm-wave indoor radio channels which
accepts a detailed description of the indoor environment. A statistical approach 
might be considered based in an extensive measurement data pool.
• Indoor-outdoor mobile characterisation in different environments other than these 
examined in this research to include second order channel statistics, e.g. Doppler 
spectra, angles of arrival and average fade statistics.
• Determination of an asynchronous transfer method tailored to handle broadband 
information traffic in a wireless LAN. Items as transfer mode, duplex method, error 
control and multi-access control can be investigated.
• Biological effects on human tissues and SAR in the human operators exposed to 
62.4GHz EM radiation in environments likely to occur in WLAN applications.
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Introduction
Today's telecommunication networks are experiencing a rapid evolution as a result of the 
increasing advances in enabling technologies. Multimedia and computer communications are 
playing an increasing role in today's society, creating new challenges to those working in the 
development of telecommunication systems. Besides that, the telecommunications industry means 
to establish more and more wireless links between terminals. Thus the pressure for non-wired 
systems to cope with increasing data rates is enormous, and Wireless Broadband Systems 
(WBS's), those with data rates higher than 2 Mb/s, are emerging rapidly, even if at this moment 
applications for very high transmission rates do not exist[1].
Several WBS's are being foreseen for different users with different needs: they may 
accommodate data rates ranging between 2 Mb/s and 155 Mb/s (for the time being!?); terminals 
can be mobile or portable and moving speeds can be as fast as that of a fast train; users may or 
may not be allowed to use more than one channel if their application requires not be fixed, or 
dynamically allocated according to the user's needs; communication between terminals may be 
done directly or go through a base station; Asynchronous Transfer Mode (ATM) technology may 
possibly be used; and so on . Many other cases can be listed as making the difference between 
various perspectives of a WBS, but two major approaches are emerging: Wireless Local Area 
networks (WLAN) directed to communications between computers, of which High-Performance 
Radio LAN (HIPERLAN) and IEEE 802.11 are examples, and Mobile Broadband System 
(MBS), intended as a cellular system providing full mobility to Broandband Integrated Services 
Digital network (B-ISDN) users [2].
The MBS was a project within the RACE (Research and development of Advanced 
Communication in Europe) framework to develop a third-generation digital micro-cellular service 
to make the B-ISDN's available to mobile users. Relevant research activities are also running in 
Canada, Japan and Australia(Tablel). Two 1 GHz bands have provisionally been allocated at 62
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and 65 GHz, for the down and up links, respectively(MBS). By operating within the oxygen 
absorption bands, the micro-cells will have coverage typically of about 100m, although the use of 
directional antennas along highways, for example, could extend this range. With data rates of up 
to 155 Mb/s, MBS is being developed to provide full multimedia services of data, voice and 
video to the mobile user. The system is designed to have application in a wide variety of areas, 
for example in the emergency services, for mobile local area networks (LANs) and for television 
outside broadcasts such as electronic news gathering.
Applications in the emergency services could, for example, provide live audio and video 
information from the scene of an accident to doctors at the hospital, who could then give advice 
to medical staff in attendance at the accident. Fire services could employ small helmet-mounted 
cameras to transmit video to temporary control centres to enable guidance to be given to fire 
fighters. Although wireless LANs are currently employed in the exchange of data, applications 
being considered for the future include the need for video, for example in the use of robots in 
hazardous locations, where the robot may be operated by remote control using high-definition 
video from a robot-mounted camera [4]. In outside broadcasts of television, a number of different 
television cameras at different locations in a sports arena, for example, could be connected to a 
local control centre using MBS links. This would provide a high level of flexibility and, further, 
enable the system to be installed very quickly. Other applications envisaged for MBS include 


























































Tablel. Reliant research activities
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users, interconnection of mobile LAN, surveillance and military applications. The Mobile 
Broadband System will depend critically on the development of low-cost millimetre- 
wavecomponents and systems, but it is seen as having enormous potential as next generation 
multimedia communication service for a very wide range of user applications in a whole host of 
fields [4].
At millimetre waves the maximum power density for continuous exposure for the general public 
is 1 mw/cm2 . Assume that this is set at 6 cm of an antenna with 9dBi directivity of its radiation 
pattern, the transmitted power is limited to about 50 mW at the remote stations. Limiting 
transmitter power levels to some tens of mW is not only a safety requirement, but it is also a 
measure to limit the coverage range in order to improve the frequency reuse capabilities, with the 
final goal again to increase network capacity[5].
With respect to indoor applications, high traffic density can be achieved by using frequency 
bands above approximately 40 GHz due to the possibility of frequency reuse between 
neighbouring rooms because of the severe attenuation of electromagnetic waves at these 
frequencies by most inner walls. With respect to frequency reuse in outdoor cells, the band 
around 60 GHz is especially advantageous because of the specific attenuation characteristic due 
to atmospheric oxygen of about 1 5 dB/km.
At millimetre waves, modelling of wave propagation is usually done on the basis of Geometrical 
Optics, by using ray-theory (either the image or the ray-launching approach). Modelling at such 
high frequency bands poses the problem of accurately describing the propagation scenario at the 
wavelength scale (wavelength is less than 5mm at frequencies above 60 GHz).
1. 0 Channel Sounding Techniques
Because of the importance of the multipath structure in determine the small-scale effects(delay 
spread, coherence bandwidth, Doppler shift) in the wireless mobile communication channel a 
number of wideband channel sounding techniques have been developed. Channel Sounders are 
often categorised in four main classes: Periodic pulse, pulse compressing, convolution matched 
filter and frequency sweep sounders. In a pulse channel sounder, a short-RF pulse is transmitted, 
and the received signal envelope is detected in the receiver. Only information about the received 
signal amplitude is obtained, it is thus not possible to get any information about Doppler spectra
The basis for all pulse compression systems is based on the principal that if white noise is applied 
to the input of a linear system, and if the output is cross-correlated with a delayed replica of the
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input then the resulting cross-correlation coefficient function is proportional to the impulse 
response of the system. In practice, it is unrealistic to generate white noise, and, as a result, 
experimental systems must employ deterministic waveforms, which have a noise like character. 
The mostly known examples of such waveforms are the maximal length Pseudo Random Binary 
Sequence (PRBS). One way of affecting pulse compression is to design a system where a PRBS 
is used to Bi-Phase modulate a carrier prior to transmission. At the receiver the signal processing 
is based on correlating the Inphase / and Quadrature Q components with an identical PRBS to 
that used at the transmitter, but clocked at a slightly slower rate. This process is known as swept 
time-delay cross correlation (STDCC) method .
The frequency sweep technique had been used widely in radar theory. A Vector Network 
Analyser (VNA) controls a synthesised frequency sweeper. The sweeper scans a particular 
frequency band (centred on the carrier) by stepping through discrete frequencies. This complex 
frequency response is then converted to the time domain by taking the inverse Fourier transform, 
giving a band limited impulse response. A second method based on the frequency sweep 
technique is the chirp using a digital signal processor (DSP) to perform correlation in the 
receiver. The frequency swept method offers high resolution, has a constant transmitted power 
that allows larger areas to be measured, and reduces the effects of non-linearities.
LI Design and Implementation of a Frequency Swept Wideband Channel Sounder 
1.1.1 Transmitter
"Fig.l" shows the block diagram of this system. At the transmitter the VNA's (HP8714C) 
synthesised output is step-swept between 1-2 GHz, and then up-converted (mixed) to a 62.4GHz 
carrier prior to transmission. This PLO can be either synthesised from a 100 MHz internal oven 
controlled crystal or an external reference one. The output of the 100 MHz internal crystal is 
coupled at the output and initially was used as reference for both PLO's at the transmitter and the 
receiver. However it was found that the receiver PLO frequency was not exactly as that of the 
PLO at the transmitter. This is because the frequency of this crystal is about 99.98 MHz and not 
100 MHz. So an external 100 MHz oven controlled crystal was used as a reference for both 62.4 
GHz PLO's. The up-converter has an IF bandwidth from DC-6 GHz and can also be used as a 
modulator. The output of the up-converter is two sidebands at a level approximately 6-7 dB 
below the swept IF signal level.
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1.1.2 Mobile Receiver
At the mobile receiver a 62.4GHz phase locked oscillator is synthesised from the same 100 MHz 
oven controlled crystal by connecting a 50m Sucoflex flexible coaxial cable (very low loss, 0.23- 
0.73 dB/m) from the transmitter to receiver. The 1-2 GHz signal is coherently detected, amplified 
by a low noise amplifier (LNA) with bandwidth 900-2000 MHz and 32 dB gain and then is fed- 
back through a second 50m Sucoflex flexible coaxial cable to the receive port of the VNA to 
measure the channel transfer function. The main parameters of the channel sounder are given in 
Table 2.
The time resolution Tres, that can be achieved with a 1 GHz bandwidth is Ins and is inversely 
proportional to the sweep bandwidth BWmeas, and is given by:
The value of the time resolution of this sounder is mainly limited by the bandwidth of the LNA at 
the receiver. The resolution can be increased to 0.5ns by sweeping the VNA over the bandwidth 
of 1-3 GHz and replacing the LNA with one that can accommodate this bandwidth.
The frequency resolution depends on the number of steps used to sweep over the 1 GHz 
bandwidth. For 1600 frequency steps Afmeas, (1601 points), the frequency resolution is 625 KHz, 
and is given by:
(2)
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Fig. 1 The 62.4GHz Frequency Domain Channel Sounder.
1.1.3 Data Acquisition
The VNA settings are automated using the instrumentation package Lab View and GPIB 
interface. A personal computer (PC), -Pentium II, 333 MHz, 128 Mb/s- was used for data 
acquisition. This package offers the features of transferring, displaying, storing and analysing the 
data at the same time. The instrumentation software was developed to operate in two modes:
• In continuous mode (no averaging) in order to enable examination of the channel statistics 
with time (i.e. presence of people).
• In discrete mode (averaging) to enable examination of the channel statistics with respect of 
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Table. 2 Channel Sounder Specifications
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1.2 Channel Sounder Testing
1.2.1 Calibration
Calibration of the channel sounder is necessary to remove tracking error of the source and more 
importantly, any frequency dependant effects of the measurement system, e.g. connectors and 
cables. If these effects were not removed by calibration, they would appear as "spikes" in the 
power delay profile, which could be mistaken for multipath components. Thus, the accuracy of 
the calibration process effectively sets the dynamic range of the measurement system.
The rigorous approach to calibration is to measure the transfer function of the complete system, 
S2icai, in an anechoic chamber,Fig.[2(a),(b),(c)] ,with the transmit and receive antennas 1.5m 
apart and 1.70m high, so the antennas radiation patterns are taken in account. The system was 
calibrated using to identical lOdBi antennas with 69° and 55° E and H-plane 3-dB beamwidths, 
respectively. The VNA's receiver bandwidth is 3.7KFIz (IF filter) which results in a noise floor of 
approximately -lOOdBm. For noise reduction purposes, 8 sweeps had been averaged, which 
reduces the noise floor to -HOdBm. With the terminals 1.5m apart the received signal is 
approximately -40dBm thus a signal to noise ratio of about 70dB is obtained. The calibrated data 
file is then stored and used to normalise the experimental results. At this distance the theoretical 
received signal level is given by:
PRX = Psw - UpCL + GTX - FSL + G*x- DoCL + GLNA-CableLoss (4)
where: PRX, Received power 
PSW, IF sweep level 
Upd,, Up-Converter Loss 
GTX, Gain of transmit antenna 
FSL, Free Space Loss
Gain of receive antenna
Down-Converter Loss 
GLNA, Low Noise Amplifier gain 
Cable loss: 50m cable loss between LNA-RF in, port of the VNA
Pnx=9-7+10-71.8+ 10-7 + 31- 8=-33.8dBm___________
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This level is about 6dB lower than the measured inside the chamber and is due to connectors and 










1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 
Frequency [GHz]
(a)
Fig.2 (a),(b),(c). The calibration signal (S2icAi) measured inside the anechoic chamber using lOdBi 
transmit and receive antennas.
1.2.2 Initial Experiment and Results
An initial line-of-sight experiment has been carried out in a long narrow corridor on the top floor 
in the School of Electronics building at the University of Glamorgan with 41 impulse responses 
recorded Fig.[3(a),(b)]. The corridor is 42.63m long, 1.60m wide and 2.70 m high. The corridor
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has no windows with a number of wooden doors leading off and plasterboard sidewalls covered 
with a thin metal sheet. The floor is covered with plastic tiles.
The transmitter was mounted on a box and left stationary at one end of the corridor. The receiver 
was also housed in a box and fixed on a mobile trolley. The receiver was moved to different 
locations along the centre line of the corridor. The measured frequency responses using lOdBi 
horn antennas, after normalisation to the calibrated signal, with the terminals 12.95 and 23.75 
metres apart are given in "Fig.4", together with their power delay profiles. The power delay 
profiles are normalised to so that the total power is unity. The frequency selective nature of the 
channel is seen to result in deep fades at certain frequencies. The power delay profiles exhibit a 
number peaks which correspond to reflections of sidewalls, floor and ceiling. The most 
significant peak represent the line-of-sight path. It is intended to identify those peaks that 










Fig 3 (a),(b) Plans of the initial experiment carried out in a long narrow corridor at 
the School of Electronics, University of Glamorgan.
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Fig.4 Measured transfer functions and power delay profiles at (a) 12.95m (b) 23.75m
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An important parameter for the evaluation of digital systems is the coherence bandwidth[6]. The 
coherence bandwidth is the statistical average bandwidth, over which signal propagation 
characteristics are correlated. This parameter has been obtained by computing the normalised 
auto-correlation of the measured complex frequency function.'Tig. 5"shows the normalised 
coherence function measured at distances of 1.55, 12.95 and 23.75m. The 0.5, 0.7, 0.9 coherence 
bandwidths obtained from these results are given in Table 3. The commutative distribution 
function Bo.9 measured at all receiver locations are shown in Fig.6. It can be clearly seen that the 
coherence bandwidth values varies with the distance from the base station (Fig.7). For 90% of the 
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Table. 3 Measured Coherence Bandwidth values.
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Fig. 6 Commutative Distribution function of the Coherence Fig. 7 Coherence bandwidth for 0.9 correlation 
Bandwidth atJBa9 correlation level level as a function of the receiver position.
1.2.2.3 Conclusions
Three significant conclusions are being observed after this experiment:
• The coherence bandwidth is highly variable with the location of the mobile receiver with 
respect to the base station [7].
• A computer controlled motor driven positioning system and experimental set-up that allows 
precise and automated positioning and data acquisition of the channel sounder is a necessity 
(4.8mm wavelength). This high-precision positioning system must be capable to capture the 
fast fading variations, delay spread and coherence bandwidth, and to enable varying system 
parameters (antenna pattern, height etc.)
• " It's too dangerous to put limits in wireless!!!"
30
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Abstract
Distributions of 62.4GHz wideband propagation 
measurements undertaken in two different indoor radio 
channels to measure spaced-frequency correlation 
functions are presented. The 90th percentile of the 
coherence bandwidth at 0.9 correlation level of for all 
locations values stays below 72MHz. Minimum and 
maximum 80.9 coherence bandwidths obtained in a long 
narrow corridor with a directional horn transmit and an 
omnidirectional receive antenna is 1.10MHz. and 
105.33MHz respectively. It has been observed that the 
coherence bandwidth is highly variable with the location 
of the receiver with respect to the base station.
1. Introduction
Future Broadband wireless LANs will have to operate in 
the millimetre wave bands. These systems will require 
transmission of high data rates and hence, large
frequency bandwidths will be needed (Figure 1&2) [1]. 
Due to the present congestion of the radio spectrum 
below l.SGHz the use of the millimetre wave band has 
been proposed for these systems. In particular, Mobile 
Broadband Systems (MBS) have been provisionally 
assigned two IGHz frequency bands allocated at 62- 
63GHz and 64-65GHz, for the down and uplinks 
respectively, permitting wireless access at data rates up 
to 155Mb/s [2]. For time varying fading channels, one of 
the key performance indicators is the knowledge of 
coherence bandwidth during fading in different spectral 
regions over the proposed transmission bandwidth [3]. If 
the coherence bandwidth of the channel is less than the 
transmission bandwidth channel protection techniques, 
such as coding, diversity or equalisation need to be 
employed [4]. This paper presents statistical distributions 
°f coherence bandwidths from 62.4GHz wideband
channel sounding measurements made in two indoor 
environments of a University building. Results from 
these types of experiments are intended for use in the 
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Figure.2 Wireless Broadband Systems applications, 
according to Mobility and data rate.
2. The Measurement System 2.1 Measurement Environments
The heart of the channel impulse response measurement 
identification system is a Vector Network Analyser 
(VNA) [5]."Figure.2" shows the block diagram of this 
system. At the transmitter the VNA's (HP8714C) 
synthesised output is step-swept between 1 and 2GHz, 
and then up-converted to a 62.4GHz carrier prior to 
transmission. A band pass filter (BPF) suppresses the 
mirror image sideband of the mixer. An external 
100MHz oven-controlled crystal with stability +/-3ppm 
acts as a reference for both transmit and receive 62.4GHz 
Phase Lock Oscillators (PLOs). At the receiver a 
62.4GHz PLO is synthesised from the same 100MHz 
oven controlled crystal by connecting a 50m flexible 
coaxial cable from the transmitter to receiver. The 
frequency swept signal is coherently detected, amplified 
by a low noise amplifier (LNA) and then fed-back 
through a second 50m flexible coaxial cable to the 
receive port of the VNA in order to measure the radio 
channels complex frequency response. The time 
resolution of the measurement system is Ins when 
rectangular windowing is applied to the frequency 
response. A lOdBi vertically polarised standard horn 
antenna with 69° (E-plane) and 55° (H-plane) 3-dB 
beamwidths at the transmitter and a vertically polarised 
omnidirectional antenna at the receiver were employed in 
the measurements. The latter antenna has a gain of 6dBi 
and an elevation beamwidth of 6.5° and consists of two 
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figure 2. The Channel Sounding Impulse Response 
Identification System at 62.4GHz.
Frequency response results were obtained for two indoor 
line-of-sight (LOS) channels every 60A. sampling 
intervals. The first test environment (Figure 3&4) 
comprises a corridor (41.00*1.91*2.68m), located at the 
2nd floor corridor of a 4-storey building. The outer 
surface of the walls is made of three different layers i.e. 
1mm metallic sheet, 10mm plasterboard and a thin layer 
of foil. The corridor has windows in alcoves, a metal 
heater and a number of wooden doors leading off and 
plasterboard sidewalls covered with a thin metal sheet. 
The floor is covered with vinyl plastic tiles and the 
ceiling with polystyrene tiles and neon lamps positioned 
across the corridor.
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Figure 3. Measurement Geometry (Corridor)
Figure 4: Typical indoor environment (corridor) 
showing the moving "portable" receiver.
The second environment (12.80* 6.92*2.60m), is a room 
with thick walls made of bricks and concrete blocks, with 
floor carpeted and ceiling made of polystyrene tiles. 
Cubic electric metallic heaters and windows in cells, a 
metal fire door with two white boards are present. The 
tables and chairs were arranged in order to simulate an
office environment. Two scenarios were set up with the 
room empty and with furniture. In the corridor the 
transmitter was mounted on a box and left stationary at 
one end of the room. The receiver was moved to different 
locations along the centre line. In the room the fixed base 
was located at one comer with the receiver moved along 
the diagonal plane.
2.2 Measurement Analysis
The coherence bandwidth Bc , is the statistical average 
bandwidth of the radio channel, over which signal 
propagation characteristics are strongly correlated [6]. 
The definition of the correlation bandwidth is based on 
the complex auto-correlation function /R(Af)/ of the 
frequency response H(f) . R(Af) is defined as:
(1)
The degradation of the frequency correlation functions at 
18.09m and 37.80m (corridor) of transmit and receive 
terminal separation with respect to the probe signal 
(1.50m) can be observed in Figure 5. Rapid decrease of 
the frequency correlation function with respect to the 
frequency separation and also as the receiver moves 
away from the base station. This allows the estimation of 
the coherence bandwidth at which the frequency 
correlation envelopes decrease to a level of 50%. In some 
cases in high correlated Rician channels this level can not 
be established and a 90% correlation level needs to be 
employed [4].
Statistics of the coherence bandwidth function for 0.9 
correlation level for the two environments are shown in 
Tables I. hi the corridor using the horn-omni antenna 
configuration had a mean of 1 4.09MHz, minimum 
correlation bandwidth of 1.28MHz and 15.97 MHz 
standard deviation. Using a horn to horn antenna a mean 
coherence bandwidth of 11. 53.03MHz, with the 
minimum being 1.10MHz and 16.39MHz standard 
deviation. Figure.6 shows the cumulative distribution 
functions (CDF) for 0.9 correlation level for the corridors 
with both antenna configurations. For 90% of time the
The coherence bandwidth function for 0.9 correlation 
kvel as a function of the receiver position for the 
corridor with both antennas configurations are given in 
Figure 7 and 8. It can be observed that the coherence
bandwidth is highly variable with the location of the 
receiver with respect to the base station. A scatter plot of 
the RMS delay spread versus coherence bandwidth is 
shown in Figure 9. No clear relationship can be 
established but it can be observed a concentration of the 
delay spread values when the coherence bandwidth is 
below 10MHz. No significant differences on the 
coherence bandwidth values had been observed for the 
two antennas configurations.
Normalised Coherence Function




Figure 5. Frequency Correlation functions for the
corridor (Horn-Horn).
(a) Probe (1.50m) (b) 18.09m (c) 37.80m
At a distance of 37.80 separation between the transmit 
and receive modules at B05, B07 and B09 correlation 
levels the coherence values are 105.22MHz, 27.97MHz 
and 1.28MHz respectively.

















Table L Statistics of the correlation bandwidth 
function for 0.9 correlation level for the corridor 
(Horn-Horn).
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Figure 7. Coherence bandwidth function for 0.9 
correlation level as a function of receiver position 
for the corridor (Horn-Horn).
The layout of the furniture did not influence 
significantly the frequency correlation values. For 90% 
of time the B0 9 is below 38MHz.From Figurel2 and as 
in the corridor case, it can be observed that the 
coherence bandwidth varies significantly with the 
location of the receiver with respect to the base station. 
This is true with and without furniture.
3. Conclusions
This paper reports statistical distributions of correlation 
bandwidths to measure the spaced-frequency 
correlation function from 62.4GHz wideband channel 
sounding measurements made in two indoor 
environments of a University building. 
The 90th percentile of the correlation bandwidth at 0.9 
correlation level of for the corridor values stays below 
38MHz. Minimum and maximum B0.9 correlation 
bandwidths obtained in a long narrow corridor with a 
directional horn transmit and an omnidirectional 
receive antenna is 1.10MHz and 105.33MHz 
respectively. No significant differences in the 
correlation bandwidth values had been observed for the 
two antennas configurations. It has been observed that 
the correlation bandwidth is highly variable with the 
location of the receiver with respect to the base station. 
No clear relationship is observed between the rms 
delay spread and the coherence bandwidth but a 
concentration of the delay spread values occur when 
the coherence bandwidth is below 10MHz . 
The layout of the furniture did not influence 
significantly the frequency correlation values. For 90% 
of time the B0 9 is below 72MHz for the room 
environment. It has being observed as in the corridor,
that the coherence bandwidth fluctuates significantly 
with the location of the receiver varies with respect to 
the base station. This is true with and without furniture.
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WIRELESS MOBILE AND PERSONAL BROADBAND 
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Abstract- This paper will give an overview mobile and portable communications, the design of a 62.4GHz 
Impulse response mobile identification system and finally will present results obtained from a 
measurement campaign in an indoor picocell environment.
INTRODUCTION
Today's telecommunication networks are experiencing a rapid evolution as a result of the increasing 
advances in enabling technologies. Multimedia and computer communications are playing an increasing role 
in today's society, creating new challenges to those working in the development of telecommunication 
systems. Besides that, the telecommunications industry means to establish more and more wireless links 
between terminals. Thus the pressure for non-wired systems to cope with increasing data rates is enormous, 
and Wireless Broadband Systems (WBS's), those with data rates higher than 2 Mb/s, are emerging rapidly, 
even if at this moment applications for very high transmission rates do not exist [1]. Relevant research 
activities are running in Europe, Canada, Japan and Australia. These are shown in Table 1.
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FREQUENCY SWEPT WIDEBAND CHANNEL SOUNDER
Fig.l shows the block diagram of this system [2], [3]. At the transmitter the Vector Network Analyser (VNA) 
(HP8714C) synthesised output is step-swept between 1-2 GHz, and then up-converted (mixed) to a 62 4GHz 
earner prior to transmission. This PLO can be either synthesised from a 100 MHz internal oven controlled 
crystal or an external reference one. The output of the 100 MHz internal crystal is coupled at the output and 
initially was used as reference for both PLO's at the transmitter and the receiver. However it was found that 
the receiver PLO frequency was not exactly as that of the PLO at the transmitter. This is because the 
frequency of this crystal is about 99.98 MHz and not 100 MHz. So an external 100 MHz oven controlled 
crystal was used as a reference for both 62.4 GHz PLO's. The up-converter has an IF bandwidth from DC-6 
GHz and can also be used as a modulator. The output of the up-converter is two sidebands at a level 
approximately 6-7 dB below the swept IF signal level.
At the receiver a 62.4GHz phase locked oscillator is synthesised from the same 100 MHz oven controlled 
crystal by connecting a 50m Sucoflex flexible coaxial cable (very low loss, 0.23-0.73 dB/m) from the 
transmitter to receiver. The 1-2 GHz signal is coherently detected, amplified by a low noise amplifier (LNA) 
with bandwidth 900-2000 MHz and 32 dB gain and then is fed-back through a second 50m Sucoflex flexible 
coaxial cable to the receive port of the VNA to measure the channel transfer function.
















Fig. 1. The 62.4GHz Frequency Domain Channel Sounder.
The VNA settings are automated using the instrumentation package LabView and GPIB interface. A 
personal computer (PC), -Pentium II, 333 MHz, 128 Mb/s- was used for data acquisition. This package 
offers the features of transferring, displaying, storing and analysing the data at the same time. The 
instrumentation software was developed to operate in two modes:
• In continuous mode (no averaging) in order to enable examination of the channel statistics with time (i.e. 
presence of people).
• In discrete mode (averaging) to enable examination of the channel statistics with respect of the position 
of the terminals (i.e. antennas separation, height) and for noise reduction.
EXPERIMENT AND RESULTS
A line-of-sight (LOS) experiment has been carried out in a long narrow corridor on the top floor in the 
School of Electronics building at the University of Glamorgan with 41 impulse responses recorded Fig 2. 
The corridor is 42.63m long, 1.60m wide and 2.70 m high. The corridor has no windows with a number of 
wooden doors leading off and plasterboard sidewalls covered with a thin metal sheet. The floor is covered 
with plastic tiles.
The transmitter was mounted on a box and left stationary at one end of the corridor. The receiver was also 
housed in a box and fixed on a mobile trolley. The receiver was moved to different locations along the centre 
line of the corridor. The measured frequency responses using lOdBi horn antennas, after normalisation to the 
calibrated signal, with the terminals 12.95 and 23.75 metres apart are given in Fig.3, together with their 
power delay profiles. The power delay profiles are normalised to so that the total power is unity. The 
frequency selective nature of the channel is seen to result in deep fades at certain frequencies. The power 
delay profiles exhibit a number peaks which correspond to reflections of sidewalls, floor and ceiling. The 
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Fig. 2. Plans of the initial experiment carried out in a long narrow corridor at 
the School of Electronics, University of Glamorgan.
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Fig. 3. Measured transfer function and power delay profile at 12.95m TX & RX separation
An important parameter for the evaluation of digital systems is the coherence bandwidth. The coherence 
bandwidth is the statistical average bandwidth, over which signal propagation characteristics are correlated. 
This parameter has been obtained by computing the normalised auto-correlation of the measured complex 
frequency function.Fig.4 shows the normalised coherence function measured at distances of 1.55, 12.95 and 
23.75m. For 90% of the receiver locations the B0.9 is below 57.90 MHz.
Normalised Coherence Function
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Fig. 4. Frequency Correlation functions measured at: 
(a) 1.55m, (b) 12.95m, (c) 23.75m TX- RX separation.
CONCLUSIONS
Three significant conclusions are being observed after this experiment:
• The coherence bandwidth is highly variable with the location of the mobile receiver with respect to the 
base station.
• A computer controlled motor driven positioning system and experimental set-up that allows precise and 
automated positioning and data acquisition of the channel sounder is a necessity (4.8mm wavelength). 
This high-precision positioning system must be capable to capture the fast fading variations, delay 
spread and coherence bandwidth, and to enable varying system parameters (antenna pattern, height 
etc.)
'It's too dangerous to put limits in wireless!!!"
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The Institution of Electrical Engineers Cyprus is organising a lecture entitled "Wireless Mobile and Personal 
Broadband Communications : From Myth to Reality ", on Wednesday, 4th of April at the CYTA Amphitheatre. 
The lecture will start at 7.00 pm following a cocktail at 6.30 pm.
Today's telecommunication networks are experiencing a rapid evolution as a result of the increasing advances 
in enabling technologies. Multimedia and computer communications are playing an increasing role in today's 
society, creating new challenges to those working in the development of telecommunication systems. Besides 
that, the telecommunications industry means to establish more and more wireless links between terminals. Thus 
the pressure for non-wired systems to cope with increasing data rates is enormous, and Wireless Broadband 
Systems (WBS's), those with data rates higher than 2 Mb/s, are emerging rapidly, even if at this moment 
applications for very high transmission rates do not exist".
Several WBS's are being foreseen for different users with different needs: they may accommodate data rates 
ranging between 2 Mb/s and 155 Mb/s (for the time being!?); terminals can be mobile or portable and moving 
speeds can be as fast as that of a fast train; users may or may not be allowed to use more than one channel if 
their application requires not be fixed, or dynamically allocated according to the user's needs; communication 
between terminals may be done directly or go through a base station; Asynchronous Transfer Mode (ATM) 
technology may possibly be used; and so on.
The presentation will give an overview mobile and portable communications, the design of an impulse response 
mobile identification system and finally will present results obtained from an extensive measurement campaign 
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Research interests include modeling, measurements and characterization of indoor and outdoor fixed & mobile 
wireless communications systems, mitigation techniques for multipath cancellation and spread spectrum 
systems. He received three separate awards from the Institution of Electrical Engineers (IEE) as a result of his 
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technology may possibly be used; and so on.
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The work presented in this paper describes CW measurements with space diversity at 62.4GHz made in a long narrow 
corridor. The work is aimed at investigating the correlation coefficient between the diversity branch signals as a 
function of antenna spacing and distance between terminals. The diversity gain obtained by selection combining for 
various antenna separations is also given. The implementation of the space diversity hardware at 62.4GHz is also 
described together with the measurement geometry.
INTRODUCTION
The demand for broadband services networks required for multimedia communications at rates in the order of 155Mb/s, 
has been increasing steadily over the past few years. There are increasing indications that wireless broadband 
communications for indoor applications will be highly desirable in the near future [1]. Due to the large bandwidth 
requirements for such broadband applications and due to the continuously increasing congestion of the radio spectrum 
of lower frequencies the millimeter wave bands have been proposed for these systems.
In recent years research efforts have been concerned with narrowband and wideband channel characterization at 
60GHz. Narrowband characterization concentrates on signal envelope behavior and its statistics[2], whereas wideband 
measurements investigate the impulse response and delay spread of the channel. There has been little work on multipath 
counter measures for line-of-sight millimetre wave wireless radio systems. In this paper a two branch 62.4GHz mobile 
radio system is presented together with results of initial experimental measurements made in a long narrow corridor. 
Measurements were repeated under identical conditions for three antenna separations 6.03X, 7.5X, and 25.8?i. It has to 
be pointed out that the 6.03X, separation is the smallest possible separation, and is limited by the physical dimensions of 
the antennas and waveguides.
MEASUREMENT HARDWARE AND GEOMETRY
At the transmitter (Fig.la) a 62.4GH.Z carrier obtained from al7dBm Cavity Stabilised hnpatt Oscillator is fed to the 
base antenna via an isolator. The transmitter, powered from an inverter, is clamped on a box mounted on a mobile 
trolley. The receiver (Fig.lb) is housed in a box mounted on a trolley and left stationary at one end of the corridor. The 
receiver consists of two balanced mixers driven, through a magic tee hybrid coupler, by a 61.8GHz local oscillator to 
convert the two received diversity branch signals to intermediate frequencies (IP's) of 600MHz. The branch signals are 
then amplified using low noise amplifiers, converted to 220MHz and 170MHz and then fed to narrow band-pass filters 
with a 3dB bandwidth of 2MHz. The signal strengths are measured using logarithmic amplifiers the outputs of which 
are digitised at 20ksamples/sec. The noise floor of the two branch diversity receiver is -73dBm.
Measurements are made using a vertically polarized omnidirectional transmit antenna. It has a gain of 6dBi and an 
elevation beamwidth of 6.5°. It consists of two plates supported by a hollow plastic cylinder. The top plate has a 
concave shape towards the base plate, which has a cone shape. At the receiver two identical standard horn antennas with 
lOdBi gain and 69° and 55° E and H-plane 3-dB beamwidths are used. Measurements were repeated under identical 
conditions but with 2.9cm, 3.6cm and 12.4cm spacings between the receive antennas. The experiment was made in a 
long narrow corridor in the School of Electronics building at the University of Glamorgan as shown in Fig. 2. The 
corridor is 42.63m long, 1.60m wide and 2.70m high. The receiver was placed at the centre line of the corridor at 6.03m 
from one end of the corridor. Both the transmitter and the receiver were adjusted to 1.70m height above the floor. The 
corridor has no windows with a number of wooden doors leading off and plasterboard sidewalls covered by a thin metal 
sheet. The floor is covered with plastic tiles. The transmitter was moved away from the receiver at an almost constant 
speed of 1 metre/sec along the centre line of the corridor. Distance makers were recorded every 2 metres movement.
EXPERIMENTAL RESULTS AND ANALYSIS
The envelopes of the diversity branch signals measured along the centre line of the corridor with 6.03A. spacing are 
shown in Fig.3. Both envelopes exhibit multipath propagation caused primarily by constructive and destructive 
interference between the direct path and reflections from the sidewalls. The statistics of the measured signal envelope 
are expressed as functions of the mobile transmitter position by processing the data over a 40X window, which is being 
moved by 10X. This window length has been chosen so that the signal is stationary and the number of points is large 
enough to provide a good estimate of the statistics.
The main statistical parameter investigated was the correlation coefficient between the diversity branch signals as a 
function of distance. The correlation coefficient versus the distance obtained with 6.03A, antennas separation is 
illustrated in Fig.4. The correlation coefficient measured for all spacings is found to be highly variable with the location 
of terminals. These results are in line with those obtained indoors and outdoors using frequency diversity [3-4]. Because 
of this high variability the level below which the correlation stay for a given percentage of time has been computed for 
all antennas separation and results are given in Table 1. It has been noted that the level of correlation does not show a 
clear dependence on the antennas separation. This is believed to be due to the fact that with the smallest separation used 
the diversity branch signals are already un-correlated. Any further increase in the separation does not result in lowering 
the correlation value. It is expected that the correlation versus antenna separation function to exhibit a steep reduction in 
the correlation value at small antennas separation, and then oscillatory behavior at larger antennas separations [5]. It 
may be concluded that at 62.4GHz the antennas separation required so that the correlation between the branch signals 
stays below 0.5 for 95% of the time is smaller than 6.03?l.
The diversity improvement or diversity gain has been measured using selection combining. A third channel has been 
obtained by selecting the higher branch signal level. Fig. 5 shows the selected signal envelope measured with the 
smallest antennas separation. It is clearly seen that this envelope exhibits less deep fading in comparison with either of 
the envelopes given in Fig. 3. The cumulative distribution functions of a diversity branch signal envelope and the 
selected one are then calculated as shown in Fig. 6. The diversity improvement is clearly seen with all fades more than 
30dB below the mean level eliminated. A similar result is obtained for other spacings. The diversity gain measured 
from the distribution functions for all spacings is given in Table 2. The gain s obtained at 0.1% and 1% of the time are 
almost similar and found to be about 1 IdB and 6dB respectively.
CONCLUSIONS
A 62.4GHz mobile radio system with space diversity is described in this paper. The smallest possible horizontal 
separation between the diversity branch signals is 6.03X. This is strictly limited by the physical dimensions of the 
antennas. The system has been tested and calibrated prior to performing the measurement. Results of an initial 
experiment carried out in a long narrow corridor are presented. The correlation coefficient between the branch 
envelopes, expressed as a function of distance between terminals, is found to be highly variable. No clear dependence 
between the correlation and antenna spacing is evident. This is due to the large antenna separations at which the 
correlation exhibits oscillatory behavior. The diversity gain measured for selection combining is almost similar for the 
three separations. A gain of about 1 IdB and 6dB is reported.
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Table 2. Diversity gain measured at the 
three antenna's spacing.
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ABSTRACT
This paper presents results of experiments made at 
62.4GHz to simultaneously measure the envelopes of 
two signals separated in frequency in order to 
characterise the frequency correlation function. Two 
different processing techniques, to compute the 
coherence bandwidth, are described and compared. 
Predictions from a ray-tracing algorithm have been 
used to assist in explaining experimental results.
INTRODUCTION
Future mobile radio systems will offer a wide variety of 
new applications and services, Dasilva et al [1]. These 
new services will require transmission of high data rates 
and hence, large frequency bandwidths will be needed. 
Due to the present congestion of the radio spectrum 
below l.SGHz the use of the millimetre wave band has 
been proposed for these systems. In particular, Mobile 
Broadband Systems (MBS) have been assigned 
frequency bands around 40 and 60GHz and will allow 
wireless access up to 155 Mb/s, Correia and Prasad [2]. 
Such services are expected to be delivered by systems 
operating in urban microcells employing low powered 
base stations with antennas which are elevated by a few 
meters above the ground [3-6]. One measure of the 
varying frequency response of the multipath channel is 
the coherence bandwidth. This is a relevant parameter 
because it limits the data rate that can be transmitted 
through the channel and gives some information related 
to the performance of frequency diversity systems.
MEASUREMENT HARDWARE
Al the transmitter, a 20dBm 62.4GHz carrier is 
synthesised from a 100MHz crystal using a phase locked 
oscillator. The carrier is modulated using a sinusoidal 
wave to get an output signal, which consists of two 
frequency components. Due to the response of the 
modulator, the power of both components at its output 
decreases as the frequency separation increases, and 
consequently limits the maximum frequency separation 
to 150MHz. The modulated signal is fed to a lOdBi 
vertically polarised horn with 69° and 55° E and H- 
plane 3-dB beamwidths, respectively.
A double-reflector antenna is used at the receiver. The 
reflectors, which are of the same diameter, are placed at 
both ends of a dielectric cylinder that provides support 
to the structure. The top plate has a parabolic surface 
while the bottom one has the shape of a cone. The 
antenna, which is vertically polarised, is fed through a 
circular aperture at the centre of the bottom reflector, 
and has 6dBi of gain and full azimuthal coverage with a 
6.5° E-plane 3-dB beamwidth. The receiver, with a 
noise floor of -74dBm, down converts the signal to an 
intermediate frequency of 600MHz which is amplified 
before being splitted into two branches to separately 
detect the signal envelopes using logarithmic amplifiers. 
The branch signals were sampled simultaneously at a 
rate of 20,000 samples/sec.
Measurements using 10, 20, 30, 40, 50, 75, 100 and 
150MHz frequency separations were conducted in a 
sub- urban street as depicted in Figure 1. Houses on 
both sides of the street are made primarily of stones, and 
they have a number of windows and doors on their 
facades. The transmitter was housed in a box and 
mounted on a mast at a height of 3.1 meters. It was 
stationary on the pavement at one end of the street with 
its antenna pointing horizontally along it. The receiver 
was 2.8 meters high and was mounted on the roof of a 
transit van. The van was driven at an almost constant 
speed of lOmph (4.4 meters/second) along a 150m path. 
For this geometry, sidewall reflections are present for 
almost all receiver locations while ground reflections 
only occur at distances greater than 104 m.
EXPERIMENTAL & THEORETICAL RESULTS
The statistics of the measured and predicted signal 
envelopes are expressed as functions of the mobile 
receiver position by processing the data over a 40X long 
window which is being moved by 10X . This ensures 
that the signal is stationary and the number of points 
(880) is large enough to provide a good estimate of the 
statistics.
Predictions were obtained from a ray-tracing algorithm 
which is based on a deterministic 3D high frequency
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model for outdoor radio environments and uses the 
image technique. Buildings located at both sides of the 
street are assumed to have uniform and smooth 
reflecting surfaces with diffracting edges, whose 
geometry is specified. The ground is also assumed to be 
a flat uniform reflecting surface. The effects of other 
objects, such as lampposts, cars and pedestrians, have 
not been considered. At 62GHz however, the diffraction 
phenomenon can be neglected in mobile scenarios, 
Hammoudeh et al [6]. The tool does not account for 
transmission through buildings because of the large 
penetration losses at this frequency. Polarisation 
mismatches as well as the E and H plane radiation 
patterns of the base station and receive antennas are 
considered. In the modelling presented here, however, 
the E and H plane radiation patterns of the transmit 
antenna are approximated so all the rays within the 3dB 
beamwidth of the main lobe are assumed to have a 
constant gain. Rays outside the main beam are not 
considered in the calculations. This assumption is 
justified since the most significant sidelobes in the E and 
H planes are 13 dB and 17 dB below the main beam 
respectively. Consideration of reflections up to any 
order can be specified by the user. By varying this 
number, the effect of the order of reflection on the 
simulation results can be observed. The reflected 
electric fields from dielectric planar surfaces are 
calculated using the Fresnel reflection coefficients. 
Predictions presented here assume building surfaces to 
be made of stone with £7=6.8!, and a=0.95 Siemens per 
meter. The dielectric properties for the ground are e^lO 
and o=0.005 Siemens per meter.
The measured correlation coefficients between the 
signal envelopes obtained for all frequency spacings are 
found to fluctuate significantly with the location of the 
receiver as can be seen, for instance, in Figure 2. 
Therefore measuring the correlation coefficient just over 
a small number of sections, as has been reported in the 
literature, Thomas et al [3], is insufficient to characterise 
the frequency correlation function of the channel. The 
distinctive behaviour of the correlation coefficient at 
small distance from the base station is due to the small 
number of components contributing to the received 
signal. Ray-tracing predictions, Figure 3, has also shown 
large variation of the correlation coefficient with 
distance. The abrupt change in the correlation level 
evident in Figure 3(a) occurs when reflections from the 
ground start contributing to the signal envelope.
In order to interpret these results the cumulative 
distribution functions (CDF) of the correlation 
coefficients have been calculated for all frequency 
separations. The CDFs for the measured values are 
shown in Figure 4. From this figure, it is evident that the 
range over which the correlation coefficient varies 
becomes wider as the frequency spacing increases. It 
also shows, as expected, that the correlation values 
decrease with increasing frequency separation.
The frequency correlation function is generated from 
these distributions by computing the level below which 
the correlation stays for 90% of the time. Then these 
values are plotted against the frequency separation as 
shown in Fig.5 (measured) and Fig.6 (ray-tracing 
prediction).
The predicted frequency correlation functions given in 
Fig. 6 show that increasing the order of reflection 
reduces the correlation values. This reduction is found 
to be insignificant when reflections above the second 
order are taken into account. So considering reflections 
up to the second order is sufficient to compute the 
frequency correlation functions. It may be argued that 
the reason why the measured values of correlation are 
lower than those computed by considering single 
reflections only is that reflections coming from ahead of 
the receiver, not present in the ray-tracing, are 
significant in decorrelating the measured signal 
envelopes.
The 0.5, 0.7 and 0.9 coherence bandwidths obtained 
from those functions are given in Table I (measured- 
method A and predicted). A frequency spacing equal to 
or larger than 65.5 MHz, for instance, will ensure a 
correlation level below 0.5 for 90% of the time.
The variation of the correlation coefficient with the 
position of the mobile receiver described above causes 
the coherence bandwidth to vary with distance as well, 
as can be seen, for example, in Figure 7. The coherence 
bandwidth at each position is obtained by computing, 
from the frequency correlation function at that position, 
the frequency spacing at which the correlation drops to a 
certain level, Anderson and McGeehan [7]. At very 
small distances propagation is mainly by the direct ray 
and a single reflection from the wall nearer to the 
transmitter. This causes the coherence bandwidth to vary 
in a particular fashion. The coherence bandwidths for 
90% of receiver locations, obtained from this second 
method, are given in Table 1 (method B).
For identical correlation values, the coherence 
bandwidths calculated using method A are larger than or 
equal to those obtained from method B, as is evident in 
Table 1. The reason behind this is that in method A all 
correlation values measured at all receiver positions are 
used to estimate the coherence bandwidth, while 
estimates obtained from the method B only consider the 
smallest frequency spacing at which the correlation 
drops to a certain level. Therefor, method B may lead to 
inaccurate results.
CONCLUSIONS
It has been shown that the correlation coefficient 
between signal envelopes centred at 62.4GHz and 
separated in frequency fluctuates significantly with the 
position of the mobile receiver relative to the base 
station. Therefore, the level of correlation at a
large number of points in the microcell has 
measured in order to fully characterise the 
correlation function.
le frequency correlation functions, as expected, have 
tai/n that the correlation coefficient decreases with 
deasing frequency separation. It has been established 
y frequency separations greater than 65.5, 29.7, and 
If MHz will ensure correlation levels below 0.5, 0.7 
d 0.9 respectively for 90% of time. The 0.5 coherence 
andwidth is smaller than that reported by Thomas et al 
31 where the correlation was measured over three 
(Ctions only. Another reason for the discrepancy is the 
jjfferent receive antenna pattern employed.
I has been shown that the coherence bandwidth is 
My variable with the location of the receiver. The 
(alues of the coherence bandwidth are found to be 
Wow 32.4, 21.8 and 9.4 MHz for 90% of receiver 
locations when 0.5, 0.7 and 0.9 correlation levels are 
considered. The difference between these values and the 
previous ones is because the amount of information used 
in the calculations is not the same.
Predicted results obtained from the ray-tracing tool 
demonstrated similar behaviour to the measurements 
with some differences in the frequency correlation 
functions. One reason for these differences is the 
absence of reflections coming from ahead of the 
receiver. It has been shown that considering reflections 
up to the second order is adequate to compute the 
frequency correlation function and the coherence 
bandwidth.
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Abstract- The choice of a channel sounding technique will usually depend upon the application 
foreseen for the propagation data and available hardware resources. Essentially, a choice has to be 
made between using narrowband or wideband transmissions, and whether a time or frequency- 
domain characterisation is required. An overview of two 62.4GHz wideband channel-sounding 
methods will be presented. These are the Swept Time-Delay Cross-Correlation (STDCC) and Swept- 
Frequency. The advantages and limitations of the different approaches are discussed.
INTRODUCTION
Future broadband radio systems will offer a wide variety of new applications and services. These new 
services will require transmission of high data rates and hence, large frequency bandwidths will be 
needed. Due to the present congestion of the radio spectrum below l.SGHz the use of the millimetre 
wave band has been proposed for these systems, hi particular, Mobile Broadband Systems (MBS) 
have been assigned frequency bands around 40 and 60GHz and will allow wireless access up to 155 
Mb/s.
I. Swept Time-Delay Cross-Correlation method (STDCC)
Because of the dual relationship between time and frequency domain techniques, it is possible to 
measure the channel impulse response in both domains [1]. Figure 1 shows the duality of channel 
characterisation hi the frequency and the time domain.
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Fig. 1. The duality of channel characterisation in the frequency and the time domain.
At the transmitter a 62.4GHz carrier signal derived from a 100MHz Crystal Oscillator with stability 
+/-2xlO'9,is Bi-phase modulated by a 127-bit PRBS at a code rate of lOOMchips/s. The PRBS is 
derived from a 150MHz Pulse Generator which offers the flexibility of selecting chip rates from up to 
150 MHz and code lengths of N= 2m-l where m=7 > 8,9,10,ll,12. The modulated signal is fed to a 
lOdBi vertically polarised horn antenna with 69° and 55° E and H-plane 3-dB beamwidths, 
respectively. The overall transmit power is about lOdBm. Fig.2 shows the block diagram of the 
62.4GHz Swept Time-Delay Cross-Correlation method.













Fig. 2. Swept Time-Delay Cross-Correlation (STDCC) Channel Sounder at 62.4GHz.
The receiver uses a similar antenna to that employed at the transmitter and the received signal is 
coherently demodulated with a 61.8GHz carrier and down-converted to an intermediate frequency (IF) 
signal of 600MHz. This signal is passed through a 450-750 MHz band pass filter and then amplified 
by a low noise amplifier (LNA). The resulting modulated signal is fed to the I&Q demodulator to 
obtain the inphase (I) and quadrature (Q) components. The 600MHz reference to the I&Q demodulator 
is derived from a Phase Lock Loop (PLL) synthesised from the same 100MHz Crystal. The I&Q 
channels are then filtered using a pair of low pass filters and then captured on a 2-channel digital 
oscilloscope. The digitised waveforms were then transferred to a computer to perform off line 
correlation with the reference sequence. Since we are using off-line correlation only one code 
generator is required thus simplifying the measurement apparatus. Phase synchronisation is maintained 
by the common use of the 100MHz Crystal distributed through a 50m Sucoflex coaxial cable between 
the (TX) and (RX). The time resolution of this sounder is 10ns with a frequency resolution of 
48.8KHz and dynamic range of about 42dB. The time resolution of this system can be increased up to 
6ns by choosing a higher bit rate (150 MHz) better suited for an indoor environment. Dynamic range 
and frequency resolution can be increased by using a longer sequence code length but this will 
increase the overall measurement time. The system was tested in an anechoic chamber with 1.5m 
antennas separation and 1.70m height above the ground. The main purpose of this system is to operate 
in an outdoor environment without the physical connection between the TX and RX. In such 
arrangement the phase locked oscillators at both terminals are synthesised from identical but different 
crystals. Frequency and phase drift of the two crystals become the most crucial factor. Any fractional 
frequency difference and drift between the standards will cause shift in timing, so that echoes with the 
same path delays will no longer occupy the same resolution cell. This also determines the maximum 
time over which reliable measurements may be taken.
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H. Swept-Frequency Channel Sounding method
The frequency sweep technique had been used widely in radar theory. A Vector Network Analyser 
(VNA) controls a synthesised frequency sweeper. The sweeper scans a particular frequency band 
(centred on the earner) by stepping through discrete frequencies. At each discrete frequency step a 
part of the source signal is tapped off before transmission and is used as a reference signal for coherent 
detection at the receiver. The VNA uses a tuned narrowband receiver which provides high noise and 
mterference rejection and therefore can be used over a larger dynamic range than the cross-correlator 
method. This complex frequency response is then converted to the time domain by taking the Inverse 
Founer Transform (IFT), giving a band-limited impulse response (Fig.4). The Figure shows the 
relatively large dynamic range of the sounder, which is seen to be in excess of 60dB.
Fig. 3 shows the block diagram of this system [2]. At the transmitter the VNA (HP8714C) synthesised 
output is step-swept between l-2GHz, and then up-converted (mixed) to a 62.4GHz carrier prior to 
transmission. This PLO can be either synthesised from a 100 MHz internal oven controlled crystal or 
an external reference one. The output of the 100MHz internal crystal is coupled at the output and 
initially was used as reference for both PLO's at the transmitter and the receiver. However it was 
found that the receiver PLO frequency was not exactly identical to that of the PLO at the transmitter 
This is because the frequency of this crystal is about 99.98MHz and not 100MHz. So an external 
100MHz oven controlled crystal with stability of +/-3ppm was used as a reference for both 62 4GHz 
PLO's. The up-converter has an IF bandwidth from DC-6GHz and can also be used as a modulator 
The output of the up-converter consists of two sidebands at a level approximately 6-7 dB below the 
swept IF signal level. The upper sideband with frequencies between 63.4GHz and 64.4GHz is passed 
through a bandpass filter centred at 64.4GHz. The bandpass filter also suppresses the lower sideband 
between 60.4GHz and 61.4GHz.
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Fig. 3. The 62.4GHz Frequency Domain Channel Sounder.
At the portable receiver a 62.4GHz phase locked oscillator is synthesised from the same 100MHz oven 
controlled crystal by connecting a 50m Sucoflex flexible coaxial cable (very low loss, 0.23-0.73 
dB/m) from the transmitter to receiver. The l-2GHz signal is coherently detected, amplified by an 
LNA with bandwidth 900-2000MHz and 32dB gain and then is fed-back through a second 50m 
Sucoflex flexible coaxial cable to the receive port of the VNA to measure the channel's transfer 
function. Table 1 shows the channel sounder specifications.
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Fig. 4. A typical measured transfer function and power delay profile. 
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CONLUSIONS
The advantages and limitations of two channel sounding techniques have been outlined above. Main 
advantages of the swept-frequency technique are the unprecedented time-resolution, which can be 
obtained together with high measurement accuracy. Full characterisation can be obtained of the 
magnitude and phase of the channel impulse response. Constant power can be transmitted that allows 
larger areas to be measured, and minimises the effects of non-linearities. It requires careful calibration 
and hardwired synchronisation between the transmitter and receiver, making it particularly useful for 
indoor channel sounding. Another limitation of this system it is that is not fast enough to capture 
temporal fading effects. Shorter measurement times can be achieved by the Swept Time-Delay Cross- 
Correlation Method However the measurement bandwidth, and thus the delay resolution, is limited by 
the clock frequency of the pn-code-generator. Most channel sounders of this type use lower 
measurement bandwidths since the problems and expense for digital circuit design drastically increase 
if the clock frequency exceeds 100MHz.
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Abstract-Because of the importance of the multipath structure in determining small-scale fading effects, two 
wideband channel sounding techniques have been designed and developed at 62.4GUz. These techniques are based 
on Direct Sequence Spread Spectrum (DSSS) and Frequency Swept respectively. Preliminary results of experiments 
made in a long narrow corridor using the frequency domain system are presented, together with the power delay 
profiles and the normalised coherence function.
INTRODUCTION
Future mobile radio systems will offer a wide variety of new applications and services. These new services will require 
transmission of high data rates and hence, large frequency bandwidths will be needed. Due to the present congestion of the 
radio spectrum below l.SGHz the use of the millimetre wave band has been proposed for these systems. In particular, 
Mobile Broadband Systems (MBS) have been assigned frequency bands around 40 and 60GHz and will allow wireless 
access up to 155 Mb/s [l].This paper discusses two channel sounding systems implemented at 62.4GHz and present results 
of initial experiments made in a long narrow corridor. The first channel sounding technique is based on the time-domain 
and exploits the auto-correlation properties of a Pseudo Random Binary Sequence (PRBS) and involves off-line correlation. 
The Second channel sounder is being built around a Vector Network Analyser (VNA) to measure the complex transfer 
function of the channel [2].
DESCRIPTION OF THE CHANNEL MEASUREMENTS TECHNIQUES 
Frequency -Domain Swept Channel Sounder
"Fig.l" shows the block diagram of this system. At the transmitter the VNA's (HP8714C) synthesised output is step-swept 
between l-2GHz, and then up-converted to a 62.4GHz carrier prior to transmission using a PLO synthesised from a 
100MHz external crystal with +/-3ppm stability. Both transmit and receive antennas are lOdBi vertically polarised horn 
antennas with 69° and 55° E and H-plane 3-dB beamwidths, respectively. The overall transmit power is 12dBm. At the 
mobile receiver a 62.4GHz phase locked oscillator is synthesised from the same 100MHz Crystal by connecting a 50m 
Sucoflex flexible coaxial cable from the transmitter to receiver. The l-2GHz signal is coherently detected, amplified by a 
low noise amplifier (LNA) and then is fed-back through a second 50m Sucoflex flexible coaxial cable to the receive port of 
the VNA to measure the channel transfer function. The impulse response of the radio channel is then obtained by taking the 
inverse Fourier transform. An initial line-of-sight experiment had been carried out in a corridor on the top floor of a 
university building with 41 impulse responses recorded. The corridor is 41m long, 1.59m wide and 2.68 m high. This 
corridor presents various types of wall materials with no windows. The time resolution that can be achieved with a IGHz 
bandwidth, when a rectangular window is used, is Ins. The frequency resolution, when 1601 frequency steps are used, is 
624.6KHz, and the unambiguous time range is 1600ns.The VNA's receiver bandwidth is 3.7KHz (IF filter) which results in 
a noise floor of approximately -lOOdBm. For noise reduction purposes, at each location in the channel, 8 sweeps had been 
averaged, which reduces the noise floor to -1 lOdBm. The calibration of the system had been performed in an anechoic 
chamber with the two antennas 1.5m apart and 1.70m high. At this distance the received signal is approximately -40dBm
V* authors wish to thank the Defence and Evaluation Research Agency (DERA)-UK for supporting this research work and making hardware available.
thus a signal to noise ratio of about 70dB is obtained. In the corridor the receiver was mounted on a box and left stationary 
atone end of the corridor. The receiver was also housed in a box and fixed on a mobile trolley. The receiver was moved to 
different locations along the centre line of the corridor. The measured frequency responses, after normalisation to the 
calibrated signal, with the terminals 12.95 and 23.75 metres apart are given in "Fig.2", together with their power delay 
profiles. The power delay profiles are normalised to a total power of one. The frequency selective nature of the channel is 
seen to result in deep fades at certain frequencies. The power delay profiles exhibit a number peaks which correspond to 
reflections of sidewalls, floor and ceiling. The most significant peak represents the line-of-sight path. We intend to identify 
those peaks that represents reflections and those that are due to noise, and then calculate the RMS delay spread and its 
statistics.
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Fig.l. The 62.4GHz Frequency Domain Channel Sounder.
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Fig.3- Frequency Correlation functions measured at:
(a) 1.55m, (b) 12.95m, (c) 23.75m TX- RX separation.
Table.l. Measured Coherence Bandwidth values.
An important parameter for the evaluation of digital systems is the Coherence Bandwidth (Be). The coherence bandwidth is 
the statistical average bandwidth, over which signal propagation characteristics are correlated. This parameter has been 
obtained by computing the normalised auto-correlation of the measured complex frequency function. "Fig.3" shows the 
normalised coherence function measured at distances of 1.55, 12.95 and 23.75m. The 0.5, 0.7, 0.9 coherence bandwidths 
obtained from these results are given in Table 1. It is noted that the value of the coherence bandwidth is highly variable with 
distance. These initial results are in line with those reported in the literature but using narrow band measurements [3]. We 
intend to establish the relationship between the coherence bandwidth and RMS delay spread.
Time-Domain Spread Spectrum Channel Sounder
At the transmitter a 62.4GHz carrier signal derived from a 100MHz Crystal Oscillator with stability 4-/-2*10"9,is Bi-phase 
modulated by a 127-bit PRBS at a code rate of lOOMchips/s. The PRBS is derived from a 150MHz Pulse Generator which 
offers the flexibility of selecting chip rates from up to 150 MHz and code lengths of N= 2m-l where m=7,8,9,10,11,12. The 
modulated signal is fed to a lOdBi vertically polarised horn antenna with 69° and 55° E and H-plane 3-dB beamwidths, 
respectively. The overall transmit power is about lOdBm. "Fig.4" shows the block diagram of the 62.4GHz Spread 
Spectrum Channel Sounder.
The receiver uses a similar antenna to that employed at the transmitter and the received signal is coherently demodulated 
with a 61.8GHz carrier and down-converted to an intermediate frequency (IF) signal of 600MHz as shown in"Fig.5". This 
signal is passed through a 450-750 MHz band pass filter and then amplified by a low noise amplifier (LNA). The resulting 
modulated signal is fed to the l&Q demodulator to obtain the inphase (1) and quadrature (Q) components. The 600MHz 
reference to the l&Q demodulator is derived from a Phase Lock Loop (PLL) synthesised from the same 100MHz Crystal. 
The l&Q channels are then filtered using a pair of low pass filters and then captured on a 2-channel digital oscilloscope. The 
digitised waveforms were then transferred to a computer to perform off line correlation with the reference sequence. Since 
we are using off-line correlation only one code generator is required thus simplifying the measurement apparatus but 
absolute delay and Doppler-shift information are not available. Phase synchronisation is maintained by the common use of 
the 100MHz Crystal distributed through a 50m Sucoflex coaxial cable between the (TX) and (RX). The time resolution of 
this sounder is 10ns with a frequency resolution of 48.8KHz and dynamic range of about 42dB. The time resolution of this 
system can be increased up to 6ns by choosing a higher bit rate (150 MHz) more suitable for the nature of an indoor 
environment Dynamic range and frequency resolution can be increased by using a longer sequence code length but tins wiU 
increase the overall measurement time. The system was tested in an anechoic chamber with 1.5m antennas separation and 
1.70m height above the ground. The main purpose of this system is to operate in an outdoor environment without the 
physical connection between the TX and RX. In such arrangement the phase locked oscdlators at both terminals are 
synthesised from identical but different crystals. The frequency and phase drift of the two crystals becomes the most crucial 
factor. Any fractional frequency difference and drift between the standards will cause shift in timing, so that echoes with the 
same path delays will no longer occupy the same resolution cell. This also determines the maximum tune over which 
reliable meaTuSneTts may betken. The" stability of the frequency standards in terms of drift can be measured relative to a 
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Fig.5. The received Spread Spectrum signal 
centred at 600MHz.
CONCLUSIONS-FURTHER WORK
Two channel sounding systems that are designed and implemented at 62.4GHz to characterise wideband indoor and outdoor 
mobile radio channels are reported. The frequency domain system offers high resolution, has a constant transmitted power 
that allows larger areas to be measured, and reduces the effects of non-linearities. It is relatively easy to implement but it 
requires careful calibration (anechoic chamber) and hardware synchronisation between transmitter and receiver, making it 
useful only for close measurements (e.g indoor channel sounding).
Preliminary results of experiments made in a long narrow corridor have shown that the coherence bandwidth is highly 
variable with the location of the mobile receiver with respect to the base station. It is planned to carry out an extensive 
measurement campaign in various microcellular and picocellular environments to measure their wideband statistics. The 
main targets involve modelling of power delay profiles and impulse responses as well an estimation of the Root Mean 
Square (RMS) delay spread and examine the relationship between this factor with the coherence bandwidth. A combined 
deterministic and statistical 3D Radio Planning tool will be used to assist in interpreting experimental results and also to 
predict channel characteristics.
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EFFECTS OF ANTENNA DIRECTIVITY, HEIGHT AND ROOM SIZE ON DELAY SPREAD 
IN LOS INDOOR RADIO CHANNELS AT 62.4GHz
A. G. Siamarou and M.O. Al-Nuaimi
University of Glamorgan, United Kingdom 
ABSTRACT
This paper reports 62.4GHz fixed wideband 
propagation measurements undertaken in six 
different LOS indoor environments (corridors and 
rooms) inside three buildings. Measurement analyses 
are presented in respect of static RMS delay spreads 
and received signal level. Two antenna configurations, 
which include both omnidirectional, and directional 
horn antennas are used for the measurements.
INTRODUCTION
Due to the present congestion of the radio spectrum 
below 1.8GHz the use of the millimetre wave band has 
been proposed for broadband wireless services. In 
particular, Mobile Broadband Systems (MBS) have been 
provisionally assigned two IGHz frequency bands 
allocated at 62-63GHz and 64-65GHz, for the down and 
uplinks respectively, permitting wireless access at data 
rates up to 155Mb/s (1). Fixed indoor digital radio 
channels can be subjected to degraded performance 
arising from time delay-dispersion and temporal fading 
due to movements of people and equipment in the area 
surrounding the radio link. This paper describes results of 
propagation measurements carried out at a centre 
frequency of 62.4GHz. The results are used to quantify 
and characterise the spatial variability of channels in 
indoor environments such as corridors and rooms with 
and without furniture.
SET-UP ANDCHANNEL MEASUREMENT 
ENVIRONMENTS
Measurement Set-up.
A wideband channel sounding system has been designed 
and developed at 62.4GHz. The channel sounder is built 
around a Vector Network Analyser (VNA) to measure 
Hie complex transfer function of the channel (2). Figure. 1 
shows the block diagram of this system. At the 
transmitter the VNA's (HP8714C) synthesised output is 
step-swept between 1 and 2GHz, and then up-converted 
to a 62.4GHz carrier prior to transmission. A band pass 
filter (BPF) suppresses the mirror image sideband of the 
mixer {not available in (2)}. An external 100MHz oven- 
controlled crystal with stability +/-3ppm was used as a
reference for both transmit and receive 62.4GHz Phase 
Lock Oscillators (PLOs). At the receiver a 62.4GHz PLO 
is synthesised using the same 100MHz oven controlled 
crystal output by connecting a 50m flexible coaxial cable 
from the transmitter to receiver. The frequency swept 
signal was coherently detected, amplified by a low noise 
amplifier (LNA) and then fed-back through a second 
50m flexible coaxial cable to the receive port of the VNA 
in order to measure the radio channels complex 
frequency response (S2J determination). The channel 
sounding system was calibrated in an anechoic chamber 
using two antenna configurations. The first configuration 
consisted of two lOdBi vertically polarised standard horn 
antennas with 69° (E-plane) and 55° (H-plane) 3-dB 
beamwidths at the transmitter and receiver respectively. 
The second configuration employed a standard horn 
antenna at the transmitter and a vertically polarised 
omnidirectional antenna at the receiver. The latter 
antenna has a gain of 6dBi and an elevation beamwidth 





Figure 1: The 62.4GHz Frequency Domain Channel 
Sounding System.
Measurement Environments
In each environment both transmitter and receiver were 
placed at a height of 1.70m above floor level. A total of 
890 impulse responses were obtained for these 
experiments by sampling the channels at 60A, intervals, 
where A. is the wavelength. The measurement
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environments considered are: Corridors {A, B, C}, 
comprising various types of wail materials. The outer 
surfaces of the walls are made of three different layers 
i.e. 1mm metallic sheet, I Omm plasterboard and a thin 
layer of foil. The inner part of the structure is made of a 
metal pillar. The sidewalls of the corridor are covered 
with a thin metallic sheet. The floors are covered with 
vinyl plastic tiles and the ceiling with polystyrene tiles 
and include neon lamps positioned across the corridor. 
Environment {D} is a corridor with one sidewalls 
constructed of wood (not smooth) and contain doors on 
both sides. The small room {E,F} in a relatively new 
building type, with thick walls made of bricks and 
concrete blocks, the floor is carpeted and the ceiling 
covered with polystyrene tiles. Tables, cupboards and 
chairs were arranged in order to simulate an office 
environment. The dimensions of environments A-F 
together with the number of measurement locations used 
in each case are shown in Table I whereas Figure.2 
shows atypical indoor corridor environment.
TABLE 1- Measurement Environments
Power Daily Profile















Figure 2: Typical indoor environment (corridor) from 
Env."A" showing the moving "portable" receiver.
The transmitter was mounted on a box and left in a fixed 
position at one end for the corridors' propagation 
measurements. The receiver was moved in steps to 
different fixed locations along the centre line. In room 
environments the fixed base station was located at one 
comer with the moving (portable) receiver being moved
-eo
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Figure 3: A typical multipath power delay profile
along a static diagonal plane. Due to the movement of 
people and equipment indoor propagation channels are in 
general, time varying. Since the purpose of these 
measurements was to investigate the radio channel 
spatial variability, it was essential to keep the channel 
stationary during measurements. The experiments took 
place during the night to ensure that the channel was free 
of movement by people and equipment. A typical 
multipath power delay profile is shown in Figure 3. The 
most significant peak represents the line-of-sight (LOS) 
component. Multipath propagation can be clearly seen 
which causes frequency selective fading in the indoor 
radio channel.
TIME DISPERSION
A measure of the spread of the channel power delay 
profile is useful since the inter-symbol interference (1S1) 
which causes higher bit error rates in a digital system is 
related to this parameter. Under Rayleigh fading channels 
having wide-sense stationary uncorrelated (WSSUS) 
characteristics (3), ISI is related to the root mean square 
(RMS) delay spread of the channel. This had been 
computed from the temporal average of time-variant 
impulse response of a fading channel. Cox (4) indicated 
the probability of a relationship between RMS delay 
spread and correlation bandwidth. Chung (5), Glance and 
Greenstein (6) reported that depending on the specific 
channel, interference level, and modulation type used, 
when the RMS delay spread of the channel exceeds one- 
tenth of the data rate, equalisation and diversity 
techniques need to be employed. Based on these reports 
the RMS delay spread on a fading channel should be 
small if high symbol rates are to be transmitted without 
performance degradation due to ISI. In this paper RMS 
delay spreads are computed from single impulse response 
estimates rather than time averages (7).
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Static RMS Delay Spread Distributions
Cumulative probability distributions functions of the 
multipath delay spread for four areas (corridors) using a 
transmit to receive horn antenna configuration are shown 
in Figure4 (a). In environment {A} with the horn-horn 
antennas corresponding to the corridor with windows had 
a median of 36.75ns, a maximum value of 67.84ns and 
18.53ns standard deviation. In a corridor with no 
windows {B} the observed delay spread had a median of 
32.03ns, maximum delay spread of 65.81ns and 18.55ns 
standard deviation. When using a horn-omni antennas 
)Fig.4 (a)} environment {A} had a median of 31.59ns, 
maximum delay spread of 63.26ns and 17.69ns standard 
deviation. Environment {B} had a median of 32.03ns, 
maximum delay spread of 65.81ns and 18.55ns standard 
deviation.
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Figure 4: Cumulative Distributions functions for static 
RMS delay spread in corridors using (a) Horn-Horn and 
(b) Horn-Omni antenna configuration.
Although these environments are broadly similar in 
structure and layout but different in shape and window 
content, the delay spread values are close. It can be 
observed that for the 90th percentile of static delay 
spreads for all locations, values were below 62ns.The
maximum static delay spread did not exceed 70ns in all 
cases investigated. In environments {E} and (F}(horn- 
omni antennas), representing a room, the layout and 
presence of furniture {Fig.6 (a), (b)} were not observed 
to influence significantly the delay spread values and 
these have the same standard deviation of 5.94ns.
Figure 6. (a) A photograph taken from Env. '£' with the 
fixed base at the corner.
I
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Figure 6. (b): Cumulative Distributions functions for 
static RMS delay spread in a room (Env. "E & F") using 
a Horn-Omnidirectional antenna configuration. 
(F) with furniture (E) without furniture
Dependence of static RMS delay spread on 
environments, transmitter-receiver antenna 
separations and relative received power.
Of interest to researchers are the correlations of static 
delay spread with received power and with 
transmit/receive ranges. Correlation is observed with the 
static delay spread increasing monotonically with 
increasing base-portable receiver antennas separation 
[Figure.7]. A scatter plot of static delay spread versus 
average received power is shown in Fig.8. The regression 
line through the average received power and static delay
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Figure 7: Static RMS delay spread versus transmit and 
receive antenna separation. (Env."A")using a Horn-Horn 
antenna configuration.
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Figure 8: Scatter plot of static RMS delay spread versus 
relative received power (Env."A") using a Horn-Horn 
antenna configuration.
spread values was computed using a 2nd order polynomial 
fit. It can be clearly seen that whenever the received 
signal level is small the delay spread values are increased 
and vice-versa. Devasirvatham (8) reported a similar trend 
at 850MHz.
CONCLUSIONS
Results of 62.4GHz wideband propagation measurements 
on several-fixed millimetre wave indoor radio links to 
measure static delay spreads and received signal level in 
University campus buildings are presented. Using two 
antenna configurations for the moving (portable) receiver 
nas shown that values of delay spreads are remarkably 
dose. Likewise it can be concluded that using a 
directional antenna or an omni-directional antenna at the 
receiver offers little advantage in reducing multipath
dispersion. Uniformity of delay spread was observed for 
all the cases investigated. Correlation is observed with the 
static delay spread increasing monotonicaily with 
increasing base-portable receiver antennas separation. For 
low values of the received signal level the delay spread 
values are relatively high and vice-versa. No significant 
differences in the static RMS delay spread values were 
observed for the two antenna configurations. The 90th 
percentile of static delay spreads for all locations values 
stayed below 62ns with maximum static delay spread not 
exceeding 70ns for all environments. It has been observed 
that important indoor radio channel characteristics are 
determined by the principal structure of the environments 
and do not depend significantly on minor details like 
furniture and room fixtures. Future research is required to 
determine the relationship between static delay spread, 
digital system data transmission rate and error 
performance.
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Abstract
This paper reports 62.4GHz fixed wideband propagation 
measurements undertaken in six different LOS indoor 
environments (corridors and rooms) inside three 
buildings. Measurement analyses are presented in respect 
of static RMS delay spreads and received signal level. 
Uniformity of delay spread was observed for all the cases 
investigated. A correlation is observed with the static 
delay spread increasing monotonically with increasing 
base-portable receiver antennas separation. For low 
values of the received signal level the delay spread values 
are relatively high and vice-versa. It has been observed 
that important indoor radio channel characteristics are 
determined by the principal structure of the environments 
and do not depend significantly on minor details like 
furniture and room fixtures.
l.Introduction
Due to the present congestion of the radio spectrum below 
l.SGHz the use of the millimetre wave band has been 
proposed for broadband wireless services. In particular, 
Mobile Broadband Systems (MBS) have been 
provisionally assigned two IGHz frequency bands 
allocated at 62-63GHz and 64-65GHz, for the down and 
uplinks respectively, permitting wireless access at data 
rates up to 155Mb/s (1). Fixed indoor digital radio 
channels can be subjected to degraded performance 
arising from time delay-dispersion and temporal fading 
due to movements of people and equipment in the area 
surrounding the radio link. This paper describes results of 
wideband propagation measurements carried out at a 
centre frequency of 62.4GHz. The results are used to 
quantify and characterise the spatial variability of 
channels in indoor environments such as corridors and 
rooms with and without furniture.
2. Measurement Set-up.
A wideband channel sounding system has been designed 
and developed at 62.4GHz. The channel sounder is built 
around a Vector Network Analyser (VNA) to measure the 
complex transfer function of the channel (2). Figure. 1 
shows the block diagram of this system. At the transmitter 
the VNA's (HP8714C) synthesised output is step-swept 
between 1 and 2GHz, and then up-converted to a 
62.4GHz carrier prior to transmission. A band pass filter 
(BPF) suppresses the mirror image sideband of the mixer. 
An external 100MHz oven-controlled crystal with 
stability +/-3ppm was used as a reference for both 
transmit and receive 62.4GHz Phase Lock Oscillators 
(PLOs).
At the receiver a 62.4GHz PLO is synthesised using the 
same lOOMHz oven controlled crystal output by 
connecting a 50m flexible coaxial cable from the 
transmitter to receiver. The frequency swept signal was 
coherently detected, amplified by a low noise amplifier 
(LNA) and then fed-back through a second 50m flexible 
coaxial cable to the receive port of the VNA in order to 
measure the radio channels complex frequency response 
(S2i determination).
The channel sounding system was calibrated in an 
anechoic chamber using two antenna configurations. The 
first configuration consisted of two lOdBi vertically 
polarised standard horn antennas with 69° (E-plane) and 
55° (H-plane) 3-dB beamwidths at the transmitter and 
receiver respectively. The second configuration employed 
a standard horn antenna at the transmitter and a vertically 
polarised omnidirectional antenna at the receiver. The 
latter antenna has a gain of 6dBi and an elevation 
beamwidth of 6.5° and consists of two plates supported by 
a hollow plastic cylinder.
Catalog Number: 01CH37202C, ISBN: 0-7803-6730-8, © 2001 IEEE
2.1 Measurement Environments
In each environment both transmitter and receiver were 
placed at a height of 1.70m above floor level. A total of 
890 impulse responses were obtained for these 
experiments by sampling the channels at 60A, intervals, 
where A. is the wavelength. The measurement 
environments considered are: Corridors {A, B, C}, 
comprising various types of wall materials. The outer 
surfaces of the walls are made of three different layers i.e. 
linm metallic sheet, 10mm plasterboard and a thin layer 
of foil. The inner part of the structure is made of a metal 
pillar. The sidewalls of the corridor are covered with a 
thin metallic sheet. The floors are covered with vinyl 
plastic tiles and the ceiling with polystyrene tiles and 
includes neon lamps positioned across the corridor. 
Environment {D} is a corridor with one sidewalls 
constructed of wood (not smooth) and contains doors on 
both sides. The small room {E,F} in a relatively new 
building type, with thick walls made of bricks and 
concrete blocks, the floor is carpeted and the ceiling 
covered with polystyrene tiles. Tables, cupboards and 
chairs were arranged in order to simulate an office 
environment. The dimensions of environments A-F 
together with the number of measurement locations used 
in each case are shown in Table I.





A(Windows) 130 41.00* 1.91*2.68m 
B(No windows) 130 41.00* 1.59*2.68m 
C 82 33.29* 1.57*2.68m 
D 65 25.66* 1.66*2.68m 
E(fiirniture) 38 12.80* 6.92*2.60m 
F (Empty) 38 12.80* 6.92*2.60m
The transmitter was mounted on a box and left in a fixed 
position at one end for the corridors' propagation 
measurements. The receiver was moved in steps to 
different fixed locations along the centre line. In room 
environments the fixed base station was located at one 
corner with the moving (portable) receiver being moved 
along a static diagonal plane. Due to the movement of 
people and equipment indoor propagation channels are in 
general, time varying. Since the purpose of these 
measurements was to investigate the radio channel spatial 
variability, it was essential to keep the channel stationary 
during measurements. The experiments took place during 
Ae night to ensure that the channel was free of movement 
ty people and equipment. A typical multipath power 
delay profile is shown in Figure 1.
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Figure 1: A typical multipath power delay profile
The most significant peak represents the line-of-sight 
(LOS) component. Multipath propagation can be clearly 
seen which causes frequency selective fading in the 
indoor radio channel.
3. Channel Time Dispersion
A measure of the spread of the channel power delay 
profile is useful since the inter-symbol interference (ISI) 
which causes higher bit error rates in a digital system is 
related to this parameter. Under Rayleigh fading channels 
having wide-sense stationary uncorrelated (WSSUS) 
characteristics (3), ISI is related to the root mean square 
(RMS) delay spread of the channel. This had been 
computed from the temporal average of time-variant 
impulse response of a fading channel. Cox (4) indicated 
the probability of a relationship between RMS delay 
spread and correlation bandwidth. Chung (5), Glance and 
Greenstein (6) reported that depending on the specific 
channel, interference level, and modulation type used, 
when the RMS delay spread of the channel exceeds one- 
tenth of the symbol duration, equalisation and diversity 
techniques need to be employed. Based on these reports 
the RMS delay spread of a fading channel should be small 
if high symbol rates are to be transmitted without 
performance degradation due to ISI. In this paper RMS 
delay spreads are computed from single impulse response 
estimates rather than time averages (7).
3.1 Static RMS Delay Spread Distributions
Cumulative probability distributions functions of the 
multipath delay spread for four areas (corridors) using a 
transmit to receive horn antenna configuration are shown 
in Figure 2. In environment {A} with the horn-horn 
antennas corresponding to the corridor with windows had 
a median of 31.59ns, a maximum value of 63.26ns and
17.69ns standard deviation. In a corridor with no windows 
{B} the observed delay spread had a median of 31.72ns, 
maximum delay spread of 62.53ns and 17.70ns standard 
deviation. When using a hom-omni antennas 
environment {A} had a median of 36.75ns, maximum 
delay spread of 67.84ns and 18.53ns standard deviation. 
Environment {B} had a median of 32.40ns, maximum 
delay spread of 65.81ns and 18.55ns standard deviation.
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Figure 2: Cumulative Distributions functions for static 
RMS delay spread in corridors using (a) Horn-Horn 
and (b) Horn-Omni antenna configuration.
Although these environments are broadly similar in 
structure and layout but different in shape and window 
content, the delay spread values are close. It can be 
observed that for the 90th percentile of static delay 
spreads for all locations, values were below 62ns. The 
maximum static delay spread did not exceed 70ns in all 
cases investigated. In environments {E} and {F}(hom- 
omni antennas), representing a room, the layout and 
presence of furniture {Fig.6 (a), (b)} were not observed to 
influence significantly the delay spread values and these 
have the same standard deviation of 5.94ns.
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Figure 3. Cumulative Distributions functions for 
static RMS delay spread in a room (Env. "E & F") 
using a Horn-Omnidirectional antenna configuration. 
(F) with furniture (E) without furniture
3.2 Dependence of static RMS delay spread 
on transmitter-receiver antenna separations 
and relative received power.
Of interest to researchers are the correlations of static 
delay spread with received power and with 
transmit/receive ranges. Scatter plots of static delay 
spread versus average received power are shown in 
Fig.4.(a),(b),(c),(d).The regression line through the 
average received power and static delay spread values 
was computed using a 2nd order polynomial fit. It can be 
clearly seen that whenever the received signal level is 
small the delay spread values are increased and vice- 
versa. Correlation is observed with the static delay spread 
increasing monotonically with increasing base-portable 
receiver antennas separation Figure 5(a),(b),(c),(d). This 
had been observed for all environments and for both 
antennas configurations.
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Figure 4: Scatter plots of static RMS delay spread 
versus relative received power (Env."A") using (a) 
Horn-Horn(b)Horn-Omni antenna configurations. 
(c) Horn-Horn Envi. "B" (d) Horn-Omni Envi.
(a)
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Figure 5: Static RMS delay spread versus transmit 
and receive antenna separation. (Env."A") using 
(a) Horn-Horn (b) Horn-Omni antenna 
configurations (c) Horn-Omni Envi. "B".
"E".
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Figure 6(a),(b): Static RMS delay spread versus 
transmit and receive antenna separation. (Env."E 
& F") using a Horn-Omni antenna configuration.
From Figures 6(a).(b)-Environments E&F can be 
observed also that the delay spread values are 
increasing as the portable is moving away from the 
base station. It important to note that this is valid 
when the room is empty or furnished. In turn can be 
concluded that the delay spread is determined from 
the superstructure of the environments and do not 
depend significantly on minor details like furniture 
and room fixtures.
4. Conclusions
Results of 62.4GHz wideband propagation 
measurements on several-fixed millimetre wave 
indoor radio links to measure static delay spreads and 
received signal level in University campus buildings 
are presented Using two antenna configurations for 
the moving (portable) receiver has shown that values 
of delay spreads are remarkably close. Likewise it can 
be concluded that using a directional antenna or an
omni-directional antenna at the receiver offers little 
advantage in reducing multipath dispersion. 
Uniformity of delay spread was observed for all the 
cases investigated. Correlation is observed with the 
static delay spread increasing monotonically with 
increasing base-portable receiver antennas separation. 
For low values of the received signal level the delay 
spread values are relatively high and vice-versa. It is 
recommenced that a diversity technique with some 
form of equalisation will reduce delay spreads values 
allowing higher data transmission rates to be feasible. 
No significant differences in the static RMS delay 
spread values were observed for the two antenna 
configurations. The 90th percentile of static delay 
spreads for all locations values stayed below 62ns 
with maximum static delay spread not exceeding 70ns 
for all environments. It has been observed that 
important indoor radio channel characteristics are 
determined by the permanent structure features of the 
environments and do not depend significantly on 
minor details like furniture and room fixtures. As the 
delay spread parameters under some conditions are 
related to digital system data rate and error 
performance, the results presented in this paper will 
have direct application in the design and planning of 
broadband WLAN's at the 60GHz-millimetre wave 
band
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Abstract- This paper presents statistical distributions of coherence bandwidths from 62.4GHz wideband 
channel sounding measurements made in two indoor environments of a University building. Results from 
these types of experiments are intended for use in the design affixed high-speed indoor radio systems.
INTRODUCTION
Detailed knowledge of radio propagation inside buildings is essential in the successful implementation of 
wireless local area networks. Statistical distributions of 62.4GHz wideband propagation measurements 
undertaken in two different indoor radio channels to measure frequency correlation functions are presented. 
Fortune varying fading channels, one of the key performance indicators is the coherence bandwidth during 
fading in different spectral regions over the proposed transmission bandwidth. If the coherence bandwidth of 
the channel is less than the required transmission bandwidth channel protection techniques, such as coding, 
diversity or equalisation need to be employed [1].
MEASUREMENT ENVIRONMENTS
The heart of the channel impulse response measurement identification system is a Vector Network Analyser 
presented in [2]. Frequency response results were obtained for two indoor LOS channels every 60A. sampling 
intervals. The first test environment comprises a corridor (41.00*1.91*2.68m), located at the 2nd floor 
corridor of a 4-storey building. The outer surface of the walls is made of three different layers i.e. 1mm 
metallic sheet, 10mm plasterboard and a thin layer of foil. The corridor has windows in alcoves, a metal 
heater and a number of wooden doors leading off and plasterboard sidewalls covered with a thin metal sheet. 
The floor is covered with vinyl plastic tiles and the ceiling with polystyrene tiles and neon lamps positioned 
across the corridor.
The second environment (12.80* 6.92*2.60m), is a room with thick walls made of bricks and concrete 
blocks, with floor carpeted and ceiling made of polystyrene tiles. Cubic electric metallic heaters and 
windows in cells, a metal fire door with two white boards are present. The tables and chairs were arranged in 
order to simulate an office environment. Two measurement links were set up with the room empty and the 
other with furniture. In the corridor the transmitter was mounted on a box and left stationary at one end of the 
room. The receiver was moved to different locations along the centre line. In the room the fixed base was 
located at one comer with the receiver moved along the diagonal plane.
Proceedings ofCOMITE'2001 International Conference on Microwave Techniques., Pardub.ce. Czech Republic. September 17-,9. 2001.
MEASUREMENT ANALYSIS
The degradation of the frequency correlation functions at 18.09m and 37.80m of transmit and receive 
terminal separation with respect to the probe signal (1.50m) can be observed in Fig. 1. Rapid decrease of the 
frequency correlation function with respect to the frequency separation and also as the receiver moves away 
from the base station can be observed.
Normalised Coherence Function
3 4 5 B 7 
Frequency Separation [Hz]
8 9 10 
x 10 8
Fig. 1. Frequency Correlation functions for the corridor (Horn-Horn), 
(a) Probe (1.50m) (b) 18.09m (c) 37.80m.
Statistics of the coherence bandwidth function for 0.5, 0.7 and 0.9 correlation level for the two environments 
are shown in Tables 1&2. In the corridor using the horn-omni antenna configuration Bc was observed to have 
a mean of 14.09MHz, minimum coherence bandwidth of 1.28MHz and 15.97 MHz standard deviation. Using 
a horn to horn antenna a mean coherence bandwidth of 11.53.03MHz, with the minimum being 1.10MHz 
and 16.39MHz standard deviation. Fig. 2 shows the CDF for 0.9 correlation level for the corridor with both 
antenna configurations. For 90% of time the B0 .9 is below 38MHz.
Table 1. Statistics of the coherence bandwidth function for 0.5, 0.7 and 0.9 correlation 
level for the corridor ( TX and RX antennas are both standard homs).

















Table 2. Statistics of the coherence bandwidth function for 0,9 correlation 
level for the corridor and the room (Horn-OmniV
Coherence Bandwidth, at 80.9 correlation level, MHz
Min Max S/D Mean 90 %






5.82 75.59 21.49 31.31
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Fig. 2. Cumulative Distributions functions of the coherence bandwidth function 
at 0.9 correlation level in the corridor. (H-H) Horn-Horn, (H-O) Horn- Omni
COHERENCE BANDWIDTH VERSUS RANGE
The coherence bandwidth function for 0.9 correlation level as a function of the receiver position for the 
corridor with both antennas configurations are given in Fig. 3.
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Fig. 3. Coherence bandwidth function for 0.9 correlation level as a function 
of receiver position for the corridor. (Horn-Horn, Hom-Omni).
It can be observed in both cases that the coherence bandwidth is highly variable with receiver base station 
distance. Subsequent investigation showed that this variability is dependent on the presence of frequency 
selective fading in the radio paths.
COHERENCE BANDWIDTH VERSUS DELAY SPREAD
Scatter plots of the RMS delay spread versus coherence bandwidth are shown in Fig.4. It can be observed 
that for delay spread values up to 20ns the coherence bandwidth is relatively high as expected. It is 
significant to note that delay spread values varying between 20-70ns the coherence bandwidth stays below 
10MHz. These results are significant in the design of indoor radio systems intended for relatively high data 
transmission rates.
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Fig.4. Coherence bandwidth versus RMS Delay spread. 
CONCLUSIONS
This paper reports statistical distributions of coherence bandwidths estimated from measured spaced- 
frequency correlation functions from 62.4GHz wideband channel sounding measurements made in two 
indoor environments of a University building. The 90th percentile of the correlation bandwidth at 0.9 
correlation level of for the corridor values stays below 38MHz. Minimum and maximum B0 . 9 correlation 
bandwidths obtained in a long narrow corridor with a directional horn transmit and an omnidirectional 
receive antenna is 1.10MHz and 105.33MHz respectively. No significant differences in the coherence 
bandwidth values were observed for the two antennas configurations. It has been observed that the coherence 
bandwidth is highly variable with the location of the receiver relative to Hie base station. For the corridor 
environments investigated concentration of the delay spread values occur when the coherence bandwidth is 
below 10MHz.
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Abstract
Distributions of 62.4GHz wideband propagation 
measurements undertaken in two different indoor radio 
channels to measure spaced-frequency correlation 
functions are presented. The 90th percentile of the 
coherence bandwidth at 0.9 correlation level of for all 
locations values stays below 72MHz. Minimum and 
maximum B0.9 coherence bandwidths obtained in a long 
narrow corridor with a directional horn transmit and an 
omnidirectional receive antenna is 1.10MHz. and 
105.33MHz respectively. It has been observed that the 
coherence bandwidth is highly variable with the location 
of the receiver with respect to the base station.
1. Introduction
Future Broadband wireless LANs will have to operate in 
the millimetre wave bands. These systems will require 
transmission of high data rates and hence, large 
frequency bandwidths will be needed (Figure 1) [1]. Due 
to the present congestion of the radio spectrum below 
l.SGHz the use of the millimetre wave band has been 
proposed for these systems. In particular, Mobile 
Broadband Systems (MBS) have been provisionally 
assigned two IGHz frequency bands allocated at 62- 
63GHz and 64-65GHz, for the down and uplinks 
respectively, permitting wireless access at data rates up 
to 155Mb/s [2]. For time varying fading channels, one of 
the key performance indicators is the knowledge of 
coherence bandwidth during fading in different spectral 
regions over the proposed transmission bandwidth [3]. If 
foe coherence bandwidth of the channel is less than the 
transmission bandwidth channel protection techniques, 
such as coding, diversity or equalisation need to be
employed [4]. This paper presents statistical distributions 
of coherence bandwidths from 62.4GHz wideband 
channel sounding measurements made in two indoor 
environments of a University building. Results from 
these types of experiments are intended for use in the 






Figure. 1 Wireless Broadband Systems applications, 
according to Mobility and data rate.
2. The Measurement System
The heart of the channel impulse response measurement 
identification system is a Vector Network Analyser 
(VNA) [5]."Figure.2" shows the block diagram of this 
system. At the transmitter the VNA's (HP8714C) 
synthesised output is step-swept between 1 and 2GHz, 
and then up-converted to a 62.4GHz carrier prior to 
transmission. A band pass filter (BPF) suppresses the
mirror image sideband of the mixer. An external 
100MHz oven-controlled crystal with stability +/-3ppm 
acts as a reference for both transmit and receive 62.4GHz 
Phase Lock Oscillators (PLOs). At the receiver a 
62.4GHz PLO is synthesised from the same 100MHz 
oven controlled crystal by connecting a 50m flexible 
coaxial cable from the transmitter to receiver. The 
frequency swept signal is coherently detected, amplified 
by a low noise amplifier (LNA) and then fed-back 
through a second 50m flexible coaxial cable to the 
receive port of the VNA in order to measure the radio 
channels complex frequency response. The time 
resolution of the measurement system is Ins when 
rectangular windowing is applied to the frequency 
response. A lOdBi vertically polarised standard horn 
antenna with 69° (E-plane) and 55° (H-plane) 3-dB 
beamwidths at the transmitter and a vertically polarised 
omnidirectional antenna at the receiver were employed in 
the measurements. The latter antenna has a gain of 6dBi 
and an elevation beamwidth of 6.5° and consists of two 
















Figure 2. The Channel Sounding Impulse Response 
Identification System at 62.4GHz.
2.1 Measurement Environments
Frequency response results were obtained for two indoor 
line-of-sight (LOS) channels every 60A, sampling 
intervals. The first test environment (Figure 3&4) 
comprises a corridor (41.00*1.91*2.68m), located at the
2n floor corridor of a 4-storey building. The outer 
surface of the walls is made of three different layers i.e. 
1mm metallic sheet, lOnun plasterboard and a thin layer 
of foil. The corridor has windows in alcoves, a metal 
heater and a number of wooden doors leading off and 
plasterboard sidewalls covered with a thin metal sheet. 
The floor is covered with vinyl plastic tiles and the 
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Figure 3. Measurement Geometry (Corridor)
Figure 4: Typical indoor environment (corridor) 
showing the moving "portable" receiver.
The second environment (12.80* 6.92*2.60m), is a room 
with thick walls made of bricks and concrete blocks, with 
floor carpeted and ceiling made of polystyrene tiles. 
Cubic electric metallic heaters and windows in cells, a 
metal fire door with two white boards are present. The 
tables and chairs were arranged in order to simulate an 
office environment. Two scenarios were set up with the 
room empty and with furniture. In the corridor the 
transmitter was mounted on a box and left stationary at 
one end of the room. The receiver was moved to different 
locations along the centre line. In the room the fixed base 
was located at one comer with the receiver moved along 
the diagonal plane.
2.2 Measurement Analysis
The coherence bandwidth B0, is the statistical average 
bandwidth of the radio channel, over which signal 
propagation characteristics are strongly correlated [6]. 
The definition of the correlation bandwidth is based on 
the complex auto-correlation function /R(AJ)/ of the 
frequency response H(f) . R(Aj) is defined as:
(1)
The degradation of the frequency correlation functions at 
18.09m and 37.80m (corridor) of transmit and receive 
terminal separation with respect to the probe signal 
(1.50m) can be observed in Figure 5. Rapid decrease of 
the frequency correlation function with respect to the 
frequency separation and also as the receiver moves 
away from the base station. This allows the estimation of 
the coherence bandwidth at which the frequency 
correlation envelopes decrease to a level of 50%. In some 
cases in high correlated Rician channels this level can not 
be established and a 90% correlation level needs to be 
employed [4].
Statistics of the coherence bandwidth function for 0.9 
correlation level for the two environments are shown in 
Tables I & II. In the corridor using the horn-omni 
antenna configuration had a mean of 14.09MHz, 
minimum correlation bandwidth of 1.28MHz and 15.97 
MHz standard deviation. Using a horn to horn antenna a 
mean coherence bandwidth of 11.53.03MHz, with the 
minimum being 1.10MHz and 16.39MHz standard 
deviation. Figure. 6 shows the cumulative distribution 
functions (CDF) for 0.9 correlation level for the corridors 
with both antenna configurations. For 90% of time the 
B09 isbelow38MHz.
The coherence bandwidth function for 0.9 correlation 
level as a function of the receiver position for the 
corridor with both antennas configurations are given in 
Figure 7 and 8. It can be observed that the coherence 
bandwidth is highly variable with the location of the 
receiver with respect to the base station. A scatter plot of 
the RMS delay spread versus coherence bandwidth is 
shown in Figure 9. No clear relationship can be 
established but it can be observed a concentration of the 
delay spread values when the coherence bandwidth is 
below 10MHz. No significant differences on the 





Figure 5. Frequency Correlation functions for the
corridor (Horn-Horn).
(a) Probe (1.50m) (b) 18.09m (c) 37.80m
At a distance of 37.80 separation between the transmit 
and receive modules at B05, B0.7 and B09 correlation 
levels the coherence values are 105.22MHz, 27.97MHz 
and 1.28MHz respectively.

















Table L Statistics of the correlation bandwidth 
function for 0.9 correlation level for the corridor 
(Horn-Horn).































Table II. Statistics of the correlation bandwidth 
function for 0.9 correlation level for the corridor and 
the room (Horn-Omni).
20 30 40 60 BO 70 
Coherence Bandwidth [MHz]
80 90 100
Figure 6. Cumulative Distributions functions of the 
coherence bandwidth function or 0.9 correlation 
level in the corridor, (a) Horn-Horn (b) Horn- 
Omni.
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Figure 7. Coherence bandwidth function for 0.9 
correlation level as a function of receiver position 
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Figure 8. Coherence bandwidth function for 0.9 
correlation level as a function of receiver position 
























Figure 9. RMS Delay spread versus Coherence 
bandwidth. (Horn-Horn-Corridor).
Normalised Coherence Function
Figure 10. Frequency Correlation functions for the
room with furniture.
(a) Probe (1.50m) (b) 5.00m (c) 10.00m
0 10 20 30 40 50 60 70 SO 30 100 
Coherence Bandwidth |MHz]
Figure 11. Cumulative Distributions functions of 
the coherence bandwidth function or 0.9 correlation 
level in the lecture room. 
(E) without furniture (F) with furniture
The degradation of the frequency correlation functions 
for cases of 5.00m and 10.0m of transmit and receive 
terminal separation with respect to the probe signal 
(1.50m) can be also be observed for the room 
environment in Figure 10. Figure. 11 shows the 
cumulative distribution functions for 0.9 correlation 
level for the room with and without furniture using the 
horn-omni antenna configuration. The layout of the 
furniture did not influence significantly the frequency 
correlation values. For 90% of time the B0 9 is below 
38MHz.From Figurel2 (a)(b) and as in the corridor 
case, it can be observed that the coherence bandwidth 
varies significantly with the location of the receiver 
with respect to the base station. This is true with and 
without furniture.
4 6 8 10 
Distance from the Base station jm|
(a)
(b)
Figure 12. Correlation bandwidth function for 0.9 
correlation level as a function of receiver position 
for the room, a) with furniture (b) without 
furniture.
Catalog Number: 01CH37202C, ISBN: 0-7803-6730-8, ©2001 IEEE
3. Conclusions
This paper reports statistical distributions of correlation 
bandwidths to measure the spaced-frequency 
correlation function from 62.4GHz wideband channel 
sounding measurements made in two indoor 
environments of a University building. 
The 90th percentile of the correlation bandwidth at 0.9 
correlation level of for the corridor values stays below 
38MHz. Minimum and maximum B0.9 correlation 
bandwidths obtained in a long narrow corridor with a 
directional horn transmit and an omnidirectional 
receive antenna is 1.10MHz and 105.33MHz 
respectively. No significant differences in the 
correlation bandwidth values had been observed for the 
two antennas configurations. It has been observed that 
the correlation bandwidth is highly variable with the 
location of the receiver with respect to the base station. 
No clear relationship is observed between the rms 
delay spread and the coherence bandwidth but a 
concentration of the delay spread values occur when 
the coherence bandwidth is below 10MHz . 
The layout of the furniture did not influence 
significantly the frequency correlation values. For 90% 
of time the B0 9 is below 72MHz. for the room 
environment. It has being observed as in the corridor, 
that the coherence bandwidth fluctuates significantly 
with the location of the receiver varies with respect to 
the base station. This is true with and without furniture.
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Abstract
This paper presents results of 62.4GHz wideband 
propagation measurements of the indoor radio channel 
between fixed terminals. The impact of human shadowing, 
traffic and LAN's antenna movements on important 
channel characteristics such as coherence bandwidth, 
RMS delay spread and Rid an K-factor are compared and 
evaluated.
1. Introduction
Future Broadband wireless LAN's will have to operate in 
the millimetre wave bands. These systems will require 
transmission of high data rates and hence, large frequency
bandwidths will be needed. Due to the present congestion 
of the radio spectrum below l.SGHz the use of the 
millimetre wave band has been proposed for these 
systems, hi particular, Mobile Broadband Systems (MBS) 
have been provisionally assigned two IGHz frequency 
bands allocated at 62-63GHz and 64-65GHz, for the down 
and uplinks respectively, permitting wireless access at 
data rates up to 155Mb/s [1]. Continuous Wave (CW) 
measurements and modelling results on temporal 
variations of the indoor radio channel had been reported in 
[2]-[5]. Effects of traffic on RMS delay spread and 
multipath received power are reported at 910 MHz [6]. 
Fixed indoor digital radio channels can be subjected to 
degraded performance arising from time delay-dispersion 
and temporal fading due to movements of people and 
equipment in the area surrounding the radio link [7]. The 
results are used to quantify and characterise the temporal 
fading variability of channels in indoor environments.
2. Measurement System
The heart of the channel impulse response measurement 
identification system is a Vector Network Analyser 
(VNA) [8]."Figure. 1" shows the block diagram of this 
system. At the transmitter the VNA's (HP8714C)
synthesised output is step-swept between 1 and 2GHz, and 
then up-converted to a 62.4GHz carrier prior to 
transmission. A band pass filter (BPF) suppresses the 
mirror image sideband of the mixer. An external 100MHz 
oven-controlled crystal with stability +/-3ppm acts as a 
reference for both transmit and receive 62.4GHz Phase 
Lock Oscillators (PLOs). At the receiver a 62.4GHz PLO 
is synthesised from the same 100MHz oven controlled 
crystal by connecting a 50m flexible coaxial cable from 
the transmitter to receiver. The frequency swept signal is 
coherently detected, amplified by a low noise amplifier 
(LNA) and then fed-back through a second 50m flexible 
coaxial cable to the receive port of the VNA in order to 
measure the radio channels complex frequency response. 
The time resolution of the measurement system is Ins 
when rectangular windowing is applied to the frequency 
response. A lOdBi vertically polarised standard horn 
antenna with 69° (E-plane) and 55° (H-plane) 3-dB 
beamwidths at the transmitter and a vertically polarised 
omnidirectional antenna at the receiver were employed in 
the measurements. The latter antenna has a gain of 6dBi 
and an elevation beamwidth of 6.5° and consists of two 
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Figure 1. The Channel Sounding Impulse Response 
Identification System at 62.4GHz.
2.1 Measurement Sites
The first test environment used in the investigation of the 
temporal fading characteristics is used as a teaching 
undergraduate laboratory in School of Electronics, at the 
University. The environment is situated on the third floor 
of a four-storey building. The outer surface of the 
laboratory walls is made up of three different layers i.e. 
1mm metallic sheet, 10mm plasterboard and a thin layer 
of foil. The inner part of the structure is supported by 
metal pillars. Windows in frames appear at two of the 
sidewalls with some vertical blinds. The floor is covered 
with vinyl plastic tiles and the ceiling with polystyrene 
tiles and a number of 25 neon lamps positioned across the 
ceiling. Typical laboratory equipment on wooden benches 
such as oscilloscopes, voltmeters, power supplies and a 
number of personal computers are present in the 
laboratory. The laboratory occupies an area of 
18.10xl2.40x2.65m.
Figure 2. Photograph of the test environment showing 
the fixed base transmitter.
The transmitter was elevated at 2.00m above floor level 
{Figure. 2} and the portable receiver was placed at a 
height of 1.50m (desktop position). In the test 
environment the fixed base station was located at one 
corner with the portable receiver being located along a 
diagonal plane with a partial LOS path present. At the 
outset a channel response measurement was taken when 
the site was empty of users. This reference measurement 
may be referred to as static, being free of temporal fading 
normally experienced in indoor radio channels due to 
movements of people. This is clearly seen in Figure 3.
Figure 3. A typical complex frequency response 
(relative magnitude).
The initial static measurement was subsequently followed 
by others when about 30 people were present moving 
randomly between the transmit and receive units. A total 
of 80 impulse responses were obtained in this experiment 
with measured data sampled at 1-minute intervals.
3. Coherence Bandwidth
An important parameter for the evaluation of digital 
systems is the correlation (coherence) bandwidth. The 
coherence bandwidth is the statistical average bandwidth, 
over which signal propagation characteristics are 
significantly correlated. This parameter has been obtained 
by computing the normalised auto-correlation of the 





Figure 4.Examples of measured frequency correlation 
functions.
Figure.4 shows the normalised coherence function derived 
from three temporal fading data samples. It can be 
observed that the frequency correlation function decreases 
rapidly with respect to the frequency separation. Thus the 
often estimation of the coherence bandwidth at which the 
frequency correlation envelopes decrease to a level of 
50% can be performed. This is in contrast to high 
correlated Rician channels where this level can not be 
established and a 90% correlation level needs to be 
employed [10].
The mean, standard deviation, minimum and maximum 
values for the correlation bandwidth are 1.5MHz, 0.42 
MHz, 1.02MHz and 2.77MHz respectively. For 90% of 
time the B05 is below 1.40 MHz. The cumulative 
probability distributions function (CDF) of the correlation 
bandwidth at B0 5 correlation level is shown in Figure 5.
0.5 1.5 2 2.5 
Correlation Bandwidth [MHz]
-10 -8 -6 -4 
Rician K-Factoi [dB|
Figure 5. Cumulative Distribution function of the 
correlation bandwidth at B0.s for correlation level.
Figure 5. Cumulative Distribution function of the 
Rician K-factor.
The mean, standard deviation, minimum and maximum 
value for the K-Factor are -5.5dB,-1.83 dB,-l 1.26dB and - 
2.92dB respectively. For 90% of time the K-Factor is 
below -4.2<JB. The cumulative probability distributions 
function (CDF) of the Rician K-Factor is shown in 
Figure.6. It is of interest to consider the correlation 
between the correlation bandwidth and Rician K-Factor. A 
scatter plot of these parameters is shown in Figure 7. It 
can be observed a concentration of the correlation 
bandwidth between the l-2MHz and also a similar trend 
can be observed for the K-Factor (-3dB and -5dB). 
According to [12] temporal fading is Rician on a system 
with fixed terminals and the probability of error can be 
calculated by averaging that for a non-fading link over the 
appropriate distribution for the signal to noise ratio (S/N) 
in a fading environment. Future work is needed to verify 
the channel fading conditions for this channel and to apply 
the results to Bit Error Rate (BER) estimation under 
various modulation methods.
3.1 Rician K-factor
The Rician K-Factor is the ratio of the power of the LOS 
path to that in the (mean) multipath signals and is defined 
as [11]. The value of this factor is a key parameter for 
high data rate applications as it relates directly to the "eye- 
diagram" at the receiver. Subsequently the K-Factor can 
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Figure 7. Scatter plot of Coherence Bandwidth versus 
Rician K-Factor.
The second test environment is a lecture room in a 
relatively new building type, the outer surface of the walls 
is made of three different layers i.e. 1mm metallic sheet, 
10mm plasterboard and a thin layer of foil. The inner part 
of the structure is made of metalic pillar. The floor is 
carpeted and ceiling covered with polystyrene tiles. This 
room contains cubic electric metallic heaters and windows 
in one sidewall, together with three wooden fire doors and 
two white boards are present. Tables and chairs were 
arranged in order to simulate an office environment. It 
occupies an area of 11.45x10.70x2.60m. For all four sets 
of data measurements, the transmitter and receiver were 
10m apart. The base station antenna was located at a 
height of 2.1m above the floor level. The "portable unit" 
was set 1.5m above floor level (desktop position). Both 
transmit and receive modules were positioned in a fixed 
diagonal plane.
Three controlled scenarios simulating possible RLAN 
environment were used. These are:
A. Two persons walking in between the propagation
channel (Figure 8).
B. Two persons walking around the "portable " receiver. 
C. A person "shaking" and "wiggling" manually the
"portable " receiver from its base.
4. Results
Each measurement recording corresponds to 240s of 
channel's temporal variations. During each 240s care was 
taken to have continuous motion of the same nature. This 
means that if two people moved around the "portable" 
receiver unit they continued to do so throughout the whole 
240s. During each 4min recordings care was also taken to 
eliminate or minimise all other unplanned motion in the 
environment. To satisfy this latter requirement 
measurements were carried out at night. A total of 22 
multipath temporal fading profiles had been obtained for 
the four sets of experiments. To isolate the experiment a 
static measurement had been taken with the test 
environment free of any temporal variations, as a 
reference.Figure.9(a),(b),(c) shows the RMS delay spread, 
and correlation bandwidth variation versus time for 
scenario C. The RMS delay spread varied about 4.14ns as 
a person snaked and wiggled manually the "portable" 
receiver from its base. If the receive antenna was 
originally in a local multipath null, this variability showed 
that it can come out of the fade after a short time a result 
of the temporal fading process. The correlation bandwidth 
varies about 1.8MHz. From Figure.9(c) a correlation is 
observed between the coherence bandwidth and RMS 
delay spread. The correlation shows that the coherence 
bandwidth is inversely proportional to the RMS delay 
spread















Figure 9. (a) RMS delay spread versus time, (b) 
Correlation Bandwidth at B0.9 correlation 
level versus time, (c) Correlation bandwidth versus 
RMS delay spread.
5. Conclusions
Results of 62.4GHz wideband propagation measurements 
on two fixed millimetre wave indoor radio links under 
temporal fading conditions to measure correlation 
bandwidth, RMS delay spread and the Rician K-factor in a 
University laboratory building are presented. The shape of 
the frequency correlations functions is symmetrical and. 
For 90% of time the B05 stays below 1.40 MHz. It can be 
observed that the coherence bandwidth is concentrated 
between the l-2MHz and also a similar trend can be 
observed for the K-Factor with values lying between (- 
3dB and -5dB). K-Factor values varied between -11.26dB 
and-2.00dB, staying below -4.2dB for 90% of the time.
Temporal variations of the RMS delay spread was less 
than 5ns for all scenarios. From this it can be concluded 
that an antenna placed in a local multipath null, remains in 
fade for a short time. A correlation is observed with the 
coherence bandwidth being capable of modelled as 
inversely proportional to the RMS delay spread. Future 
work is required to determine error rates and maximum 
data rate that can be achieved in fixed channels under 
temporal fading conditions.
The results presented in this paper are useful in the design 
of fixed Broadband future Wireless LAN's. They form 
experimentally verified basis for the development of 
wideband theoretical models capable of predicting 
channel temporal variability characteristics under a variety 
of realistic conditions.
The relatively small coherence bandwidth points to a 
limited data transmission rate achievable without 
mitigating measures. The modelled inverse relationship 
given in Figure 9(c) enables prediction of the coherence 
bandwidth under temporal fading conditions from 
knowledge of the RMS delay spread.
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CORRELATION BANDWIDTH AND K-FACTOR MEASUREMENTS FOR INDOOR 
WIRELESS RADIO CHANNELS AT 62.4GHz
M.O. Al-Nuaimi and A. G. Siamarou 
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ABSTRACT
This paper presents results of 62.4GHz wideband 
propagation measurements of the indoor radio channel 
between fixed terminals. The impact of human 
shadowing and movements of people on important 
channel characteristics such as correlation bandwidth 
and Rician K-factor are compared and evaluated.
INTRODUCTION
Future Broadband wireless LAN's will have to operate in 
the millimetre wave bands. These systems will require 
transmission of high data rates and hence, large frequency 
bandwidths will be needed. Due to the present congestion 
of the radio spectrum below I.SGHz the use of the 
millimetre wave band has been proposed for these 
systems. In particular, Mobile Broadband Systems (MBS) 
have been provisionally assigned two IGHz frequency 
bands allocated at 62-63GHz and 64-65GHz, for the down 
and uplinks respectively, permitting wireless access at 
data rates up to 155Mb/s [1]. Fixed indoor digital radio 
channels can be subjected to degraded performance 
arising from time delay-dispersion and temporal fading 
due to movements of people and equipment in the area 
surrounding the radio link [2]. This paper describes results 
of propagation measurements carried out at a centre 
frequency of 62.4GHz. The results are used to quantify 
and characterise the temporal variability of channels in an 
indoor environment.
MEASUREMENT SYSTEM AND SITE 
Measurement System
The heart of the channel impulse response measurement 
identification system is a Vector Network Analyser 
(VNA) [3]."Figure.l" shows the block diagram of this 
system. At the transmitter the VNA's (HP8714C) 
synthesised output is step-swept between 1 and 2GHz, and 
then up-converted to a 62.4GHz carrier prior to 
transmission. A band pass filter (BPF) suppresses the 
mirror image sideband of the mixer . An external 100MHz 
oven-controlled crystal with stability +/-3ppm acts as a
reference for both transmit and receive 62.4GHz Phase 
Lock Oscillators (PLOs). At the receiver a 62.4GHz PLO 
is synthesised from the same 100MHz oven controlled 
crystal by connecting a 50m flexible coaxial cable from 
the transmitter to receiver. The frequency swept signal is 
coherently detected, amplified by a low noise amplifier 
(LNA) and then fed-back through a second 50m flexible 
coaxial cable to the receive port of the VNA in order to 
measure the radio channels complex frequency response. 
The time resolution of the measurement system is Ins 
when rectangular windowing is applied to the frequency 
response. A lOdBi vertically polarised standard hom 
antenna with 69° (E-plane) and 55° (H-plane) 3-dB 
beamwidths at the transmitter and a vertically polarised 
omnidirectional antenna at the receiver were employed in 
the measurements. The latter antenna has a gain of 6dBi 
and an elevation beamwidth of 6.5° and consists of two 











Figure 1: The Channel Sounding Impulse Response 
Identification System at 62.4GHz.
Measurement Site
The environment used in the investigation is used as a 
teaching undergraduate laboratory in School of 
Electronics, at the University. The environment is situated 
on the third floor of a four-storey building. The outer 
surface of the laboratory walls is made up of three 
different layers i.e. 1mm metallic sheet, 10mm
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plasterboard and a thin layer of foil. The inner part of the 
structure is supported by metal pillars. Windows in frames 
W*?1 * ^° of ** sidewalls with some vertical 
blmds.The floor is covered with vinyl plastic tiles and the 
ceiling with polystyrene tiles and a number of 25 neon 
lamps positioned across the ceiling.Typical laboratory 
equipment on wooden benches such as oscilloscopes, 
voltmeters, power supplies and a number of personal 
computers are present in the laboratory. The laboratory 
occupies an area of 18.10xl2.40x2.65m.
movements of people. This is clearly seen in Figure 3.(a) 
and 3(b).
Figure 2: Photographs of the test environment, 
a. The fixed base transmitter 
b. The portable receiver at the corner.
The transmitter was elevated at 2.00m above floor level 
{Figure.2(a)} and the portable receiver was placed at a 
height of 1.50m (desktop position) {Figure.2(b)}. In the 
test environment the fixed base station was located at one 
comer with the portable receiver being located along a 
diagonal plane with a partial LOS path present. At the 
outset a channel response measurement was taken when 
the site was empty of users. This reference measurement 
may be referred as static, being free of temporal fading 
normally experienced in indoor radio channels due to
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Figure 3: A typical complex frequency response.
(a) Relative magnitude in decibels
(b) Phase in degrees
The initial static measurement was subsequently followed 
by others when about 30 people were present moving 
randomly between the transmit and receive units. A total 
of 80 impulse responses were obtained in these 
experiment with measurement data sampled at 1-minute 
intervals.
Correlation Bandwidth
An important parameter for the evaluation of digital 
systems is the correlation (coherence) bandwidth. The 
coherence bandwidth is the statistical average bandwidth, 
over which signal propagation characteristics are 
significantly correlated. This parameter has been obtained 
by computing the normalised auto-correlation R(Af) of
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Figure 4:Examples of measured frequency correlation 
functions envelopes.
Figure.4 shows the normalised coherence function derived 
from three temporal fading data samples. The shape of the 
frequency correlations functions is symmetrical and this 
shows a stationarity in the frequency domain. It indicates 
that the channel under investigation is uncorrelated 
scattering channel [4]. It can be observed also rapid 
reductions of the frequency correlation function with 
respect to the frequency separation. Thus the often 
estimation of computing the coherence bandwidth at 
which the frequency correlation envelopes decrease to a 
level of 50% can be defined. In some cases in high 
correlated Rician channels this level can not be 
established and a 90% correlation level needs to be 
employed [5].
Statistics of coherence bandwidths corresponding to a 
correlation coefficient of B0.5 obtained from these results 
are given in Table l.The mean, standard deviation, 
minimum and maximum value for the correlation 
bandwidth is 1.5MHz, 0.42 MHz, 1.02MHz and 2.77MHz 
respectively. For 90% of time the B05 is below 1.40 
MHz. The cumulative probability distributions function 
(CDF) of the correlation bandwidth at B0.5 correlation 
level is shown in Figures.
0.5 1.5 1 Z5
Correlation Bandwidth |MHz]
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Figure 5: Cumulative Distribution function of the 
correlation bandwidth at B0.s for correlation level.
Rician Specular K-factor
The Rician K-Factor is the ratio of the power of the LOS 
path to that in the multipath signals and is defined as [5]:
Power in con&sat part 52 /2 s2————————————— =—— ——_
Power in random part cf 2cT
(2)
where </ is the variance of the real and imaginary 
components of the multipath part and s is the magnitude 
of the LOS component. The value of this factor is a key 
parameter for high data rate applications as it relates 
directly to the "eye-diagram" at the receiver. Subsequently 
the K-Factor can give a qualitative correlation with digital 
system error performance [6],[7].
TABLE 1 Measured Correlation Bandwidth and Rician 
K- Factor values.
Mean STDDev. Min Max >
Correlation Bandwidth 1.50 0.42 
Bos MHz
1102 2.77s




Figure 6: Cumulative Distribution function of the 
Rician K-Factor.
The mean, standard deviation, minimum and maximum 
value for the K-Factor is -5.5dB,-1.83 dB,-11.26dB and 
-2.92dB respectively. For 90% of time the K-Factor is 
below -4.2dB. The cumulative probability distributions 
function (CDF) of the Rician K-Factor is shown in 
Figure.6. It is of interest the correlation between the 
correlation bandwidth and Rician K-Factor. A scatter 
plot of these parameters is shown in Figure.7. It can be 
observed a concentration of the correlation bandwidth 
between the l-2MHz and also a similar trend can be 
observed for the K-Factor (-3dB and -5dB). According 
to [7] temporal fading is Rician on a system with fixed 
terminals and the probability of error can be calculated 
by averaging that for a non-fading link over the 
appropriate distribution for the signal to noise ratio 
(S/N) in a fading environment. Future work is needed to 
verify the channel fading conditions for this channel and 






































Results of 62.4GHz wideband propagation 
measurements on a fixed millimetre wave indoor radio 
link under temporal fading conditions to measure 
correlation bandwidth and the Rician K-factor in a 
University laboratory building are presented. The shape 
of the frequency correlations functions is symmetrical 
and this shows a stationarity in the frequency domain. It 
indicates also that the channel under investigation is 
uncorrelated scattering channel. For 90% of time the 
B0.5 stays below 1.40 MHz. It can be observed a 
concentration of the correlation bandwidth between the 
l-2MHz and also a similar trend can be observed for the 
K-Factor (-3dB and -5dB). K-Factor rations are lying 
between -11.26dB and -2.00dB. For 90% of time the 
K-Factor is below —4.2dB. Future work is required to 
determine the error rate floors and maximum data rate 
that can be achieved in fixed channels under temporal 
fading conditions. The channel fading conditions need 
to be verified and to apply these results to estimate the 
BER performance under various modulation methods.
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